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APPLICATION OF ELECTRONIC STRUCTURE CALCULATIONS
TO VIBRATIONAL SPECTROSCOPY AND GAS
ENCAPSULATION IN ZEOLITES

Amir Mehdi Mofrad

Dr. Karl D. Hammond, Dissertation Supervisor

ABSTRACT

Zeolites are an important class of aluminosilicate materials that have wide applica-
tions in heterogeneous catalysis, gas separations, and ion-exchange processes at industrial
scales. The desire to continue doing research on zeolites and zeolitic materials continues
to be strong for two reasons: (i) to discover new zeolites with unique framework structures
and (i1) to modify existing zeolites to discover new functionalities for applications that uti-
lize zeolites. These goals require extensive use of characterization techniques, which can
be expensive and heavily reliant on conjecture or supposition. Thanks to the advancement
of computational power as well as improved numerical algorithms, theoretical studies of
zeolites have become a powerful and complementary tool in the zeolite science commu-
nity over the last few decades. This dissertation uses computational techniques to aid in
the characterization and analysis of zeolites. We first investigate the vibrational properties
(i.e., infrared and Raman spectra) of sodalites, including sodalites that have been ion ex-
changed, by means of density functional theory (DFT) calculations. The resulting spectra
serve as a reference for scientists (either experimentalists or theoreticians) in the zeolite
community and guide future experimental efforts but might not be sensitive enough for
quantitative measurements of ion-exchange levels. We then use DFT and the nudged elas-
tic band method to investigate the rate of release of *’Kr from zeolites used to encapsulate
radioactive krypton. Results from our theoretical analysis reveal that although zeolites
should entrap ®°Kr, they might not entrap the decay product, corrosive *Rb. These find-
ings lead to interpretations and conclusions that are difficult if not impossible to acquire

experimentally.
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CHAPTER 1

INTRODUCTION

1.1 Boiling Stones—a.k.a. Zeolites

The history of zeolites dates back to approximately 1756, when a Swedish geologist
named Baron Axel Fredrik Cronstedt observed that upon heating stilbite—a type of tec-
tosilicate rock—water was vaporized. In addition, he observed that the rock (stilbite) could
be rehydrated at lower temperatures. He published this finding in a Swedish magazine with
the article name “Ron Beskrifning Om en oberkant biirg art, som kallas Zeolites,” which
is translated to “Observation and Description of an Unknown Species of Rock, Called Ze-
olites.” The name ‘“zeolite” has an etymological root from the Greek words Cewv (zein,
meaning boil) and MBog (lithos, meaning stone). Therefore, zeolites actually mean boil-
ing stones.! These naturally-occurring zeolites can be found in geological environments
where siliceous materials (volcanic rocks, clays, feldspars, silica rocks, etc.) are abundant.

In fact, natural zeolites are formed when volcanic rocks and ash layers react with alkaline

Stilbite Clinoptilolite Sodalite

Figure 1.1. Different naturally occurring zeolites. The primary composition found in these minerals
are silicon, aluminum, and oxygen. These rocks are formed through thousands to millions of years.
Reprinted form Mineralogy Database.?



(high pH) ground water, which is then crystallized in sedimentary environments over thou-
sands to millions of years. Natural zeolites are seldom pure because they contain other
types of minerals; metals, quartz, etc. The level of impurities in natural zeolites is so high
that they are excluded from many important industrial applications. Figure 1.1 shows sev-
eral natural zeolites. Sodalites are also used in gems and as jewelry. It is worth mentioning
that there have been more than forty different types of natural zeolites discovered since the

finding of the first one by Cronstedt.?

1.2 Zeolite Structure and Nomenclature

In the 1940s, Richard M. Barrer’s early pioneering work marked the beginning of the
era of synthetic zeolites.* As a convention in the zeolite community, silicon, oxygen, and
aluminum are known to be the primary building units (PBU) of synthetic zeolites. Silicon
and aluminum atoms in zeolites bond with oxygen in a tetrahedral coordination, so they are
often called T-atoms. It is noteworthy that the nature of the bonds in the zeolite structure lies
somewhere between ionic and covalent,> which directly depends on the amount of silica
and alumina present. The PBUs can then connect with one another in different forms, which
comprise so-called secondary building units (SBU). Some of these SBUs are shown in
Figure 1.2. Common SBUs in zeolite structures include single six-membered rings (S6R),
single eight-membered rings (S8R), and double four-membered rings (D4R).

The SBUs can connect with one another through oxygen atoms in numerous three-
dimensional fashions to construct larger constituents in a zeolite framework, such as pores
and channels. As of 2020, there are more than 250 framework topologies that have been
synthesized for zeolites.? Therefore, based on the aforementioned descriptions, a reason-
able definition of zeolites is: “Zeolites are crystalline microporous” aluminosilicate mate-
rials with three-dimensional framework structures that form pores and channels with uni-

form sizes of molecular dimensions.”” Although this definition is technically correct, it

(DThis means the material contains pores with diameters less than 2 nm. On the other hand, mesoporous
materials contain pores with diameters between 2 and 50 nm.



S4R S5R S6R S8R

D4R D6R D8R

Figure 1.2. Different secondary building units (SBUs) found in zeolites. Dots denote T-atoms (sil-
icon, aluminum, germanium, etc.). For clarity, the oxygen atoms are omitted. However, in a real
structure, they are placed in between dots given some obtuse angles. Reprinted with permission
from Ref. 6.

only encompasses certain materials with specific compositions. In actuality, zeolitic ma-
terials can have different compositions ranging from alumino-phosphates (ALP) to silico-
alumino-phosphate (SAPO).! Figure 1.3 shows how a zeolite structure can be formed from

PBUs and SBUs schematically.

1.2.1 Zeolite Codes

The International Union of Pure and Applied Chemistry’s (IUPAC) Commission on
Zeolite Nomenclature and The International Zeolite Association (IZA)? have developed
certain rules governing the naming of zeolite structures using three-letter codes.” For in-
stance, framework code SOD refers to the framework of sodalite, CHA is the framework
of chabazite, MOR is attributed to mordenite, and so on. Other framework codes are de-
rived from the letters of their industrial names. For instance, framework MFI, refers to
the industrial name ZSM-5 (Zeolite Socony-Mobil FIve). In addition, the structure code
LTA is based on the original trade-name “Linde Type A.” As a convention, these three
letter codes are written in bold face.!? It should be noted that some codes are preceded
by either an asterisk or a hyphen. An asterisk indicates that the framework is partially

disordered. One example is *BEA, which consists of an intergrowth of two distinct struc-

3
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Figure 1.3. From primary building unit (PBU) to secondary building unit (SBU), and subsequently
to crystal structure of a zeolite. Reprinted from Ref. 8.

tures termed polymorphs A and B. These polymorphs, which grow as two-dimensional
sheets, randomly alternate between each other.!® A hyphen indicates that the framework
is interrupted, meaning that not all T-atoms are tetrahedrally connected. For a more com-
prehensive description of the nomenclature of all the zeolite codes, the interested reader is

referred to the Atlas of Zeolite Framework Types."!

1.3 Important Terminology
In order to understand fully the applications of zeolites as well as the scope of this
dissertation, it is necessary to discuss some of the terminology frequently used in the zeolite

community.



1.3.1 Lowenstein’s Rule and Si/Al Ratio

Lowenstein’s Rule (sometimes written as Loewenstein’s Rule) states that in a zeolite,
the presence of two adjacent [AlO,]~ tetrahedra is prohibited.”> However, it is possible to
have as many as [SiO,] tetrahedra connected in the framework.'?> A consequence of this
rule is that the ratio of silicon to aluminum in a zeolite structure cannot be lower than
one. To put this another way, the Si/Al ratio® can vary from infinity (siliceous, or pure
silica) to one. Based on the Si/Al ratio (aluminum content), some zeolites are assigned
different names even though they have the same framework structure. For instance, the
FAU framework, which is the structure of naturally-occurring faujasite, also encompasses
zeolite X (1 < Si/Al < 1.5) and/or zeolite Y (2 < Si/Al).

Note that Lowenstein’s Rule only applies to zeolites, that is, aluminosilicate materials.
In fact, there exist non-aluminosilicate materials in which this rule is violated. Alumi-
nate sodalites (belonging to the SOD framework) are one group of materials that disobeys
Lowenstein’s Rule. The general formula of these materials is Mg[AlO,],X, (M = Ca**,
Sr*t, Cd*t: X = CrO42_, MoO42_, SO42_, TeO32_, etc.). In Chapter 5, we explore the vi-
brational (i.e., infrared and Raman spectra) and structural properties of these materials in

depth.

1.3.2 Extra-Framework Ions

The presence of [AlO,]” tetrahedra in zeolites and other zeolitic materials requires
charge-compensating cations to neutralize the framework. This is due to the fact that alu-
minum has three electrons in its valence band and therefore one of the oxygen atoms has to
have an additional electron. These charge-compensating cations are not covalently bound

to the framework; rather, they are loosely bound to oxygen atoms located in the vicinity of

@1t should be stressed that the tetrahedra formula in zeolite community are also written as [SiO4]4‘ and
[A104]5 ~. I personally disagree with this notation because in the case of siliceous zeolite, the system is
neutral and therefore it should not be thought of as having negative four charges.

 Another convention that is used in the community is SiO,/Al,O; ratio, which is half the Si/Al ratio.
The silica:alumina ratio is more convenient to use during synthesis, when pure alumina or pure silica may be
added to the precursor. We use Si/Al ratio throughout this dissertation.

®In experimental arenas, the term pure silica is more often used than siliceous.
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and/or inside the SBUs. They are also referred to as extra-framework cations. For instance,
in the SOD framework, there is only one crystallographically-distinct site for these cations
to occupy, which is in the center of the S6R, either in front or in back. However, in frame-
works such as LTA and FAU, there are multiple crystallographically-distinct sites on which
these ions can be located. Common nomenclature for zeolite A (framework LTA) uses the
the approximate diameter of the 8-ring windows to denote the charge-compensating cation.
For example, if sodium is the extra framework cation, the zeolite is denoted 4A. This means
the zeolite can exchange species with effective diameters of 4 A or smaller. On the other
hand, if potassium or calcium is the extra-framework cation, the zeolite is named 3A or
SA, respectively. We will discuss these cations and their sites in more detail in Chapter 6.
It should be noted that some frameworks such as SOD can occlude both extra-framework
cations and anions. This ability of SOD sets this structure apart from many other mate-
rials, as the presence of anions opens up certain applications in the areas of optics and

electronics. 131

1.3.3 Notation
The general notation of a zeolite structure and its corresponding composition can be

written '©

|[Extra-Framework Species|[Unit Cell Composition]-Framework Code, (1.1)

where the “Extra-framework Species” include cations, water molecules, and anions. It
should be noted that the cell here is what is referred to as the conventional unit cell.
As an example, hydrated zeolite 4A can be written as [Na,;,(H,0),,I[Si,,Al;,0,4]-LTA,
natural sodalite (also known as chloro-sodalite) can written as [NagCl,|[Si;Al;O,,]-SOD,
IK,Na,,|[Si;,Al;,0,5]-LTA denotes zeolite A exchanged partially with potassium, and so

forth.



1.4 Applications of Zeolites

Zeolites can be considered as one of the widely investigated and topical of inorganic
materials. Their synthesis, structure, and physicochemical properties offer interesting chal-
lenges, and their numerous applications have stimulated both modification/alteration of
existing zeolitic materials and searches for new materials with new functionalities.!” The

industrial applications of zeolites are discussed below.

1.4.1 Catalysis

One of the first successful uses of synthetic zeolites dates back to 1962 with the use
of zeolite Y in fluid catalytic cracking (FCC) plants.®) Soon after, zeolites found their
way into other acid-catalyzed processes such as isomerization, alkylation of aromatic hy-
drocarbons, methanol to hydrocarbon conversion, reduction of NO,, and so forth. It is
worth mentioning catalytic cracking still remains the largest single application of zeolites
in catalysis. Because of their importance to the petrochemical industry, zeolites make up
more than 40% of the solids used in catalysis. '8

The basis of selective catalysis in zeolites lies in their crystal structures. As mentioned
in Section 1.3.2, zeolites require extra-framework cations to electronically neutralize the
structure. In the case in which these extra-framework cations are protons (H"), zeolites
can behave as Brgnsted acids. The acid strength depends on the Si/Al ratio; the higher
the Si/Al ratio, the more likely zeolites are to lose the proton. On the other hand, certain
extra-framework species such as extra-framework aluminum and heteroatoms substituted
at T-sites can act as Lewis acids.

Although acidic zeolites have been the backbone of the petroleum industry since their
first use, there has been a growing interest in developing/modifying zeolites to serve as
bases, especially over the past three decades.!'®?° For instance, one method is to substitute

the framework oxygen atoms with nitrogen in which the nitrogen centers can then act as

(DFCC is a process in which long chain hydrocarbons (heavy fraction of crude oil) is converted into shorter
chain hydrocarbons which are more useful. For instance, gasoline is one of the products of FCC.



Lewis bases.?! Another method to achieve basic zeolites is to ion exchange with alkali
metals.?? Two of the biggest applications of nitrogen-substituted zeolites are Knoevenagel
condensation of benzaldehyde with malononitrile, ethyl cyanoacetate, propanedinitrile, or

1. 23

diethyl malonate; and ethylation of ethylbenzene with ethanol.”’ Using zeolites as solid

bases is still an active area of research.

1.4.2 Gas Separation

This application of zeolites directly relates to the structure of the zeolite as well as
adsorption® affinity. Gas molecules, based on their shapes and sizes, can either get trapped
or pass through the zeolites structures. This property has led to zeolites being given the
nickname “molecular sieves” in both separations and catalytic processes. To name a few
examples, zeolite 4A (NaA) can adsorb CO,, H,0, and NHj to purify natural gas;”, zeolite
3A (KA) can be used for drying gas streams in which the zeolite traps (adsorbs) water and
ammonia from other species such as alcohols and alkanes; and zeolite SA (CaA) is used to
remove n-alkanes from branched isomers.?*

The adsorption selectivity in zeolites is highly dependent on the polarity of the ad-
sorbate and the composition as well as the structure of the zeolite. One of the factors
governing this interaction is the Si/Al ratio. Siliceous (high-silica) zeolites tend to be more
hydrophobic (less polar), whereas, higher aluminum content (lower Si/Al ratio) increases
hydrophilicity (polarity) in zeolites. This is due to the fact that the presence of both negative
charges in the framework and the positive charges of the extra-framework cations create a
strong electrostatic field inside the pores with which molecules having a permanent (or
induced) dipole moment can interact and eventually be adsorbed.® One of the domestic

applications of zeolites is in cat litter, in which it adsorbs ammonia.

©The term adsorption differs from absorption. Adsorption refers to the adhesion of a gas onto the surface
of a solid. Absorption to the diffusion of species into the bulk of substrate.

D Components of natural gas are methane (94%), ethane (4.2%), propane (0.2%), carbon dioxide (0.3%),
etc.



1.4.3 Ion Exchange

The ion exchange technique is one of the processes that people have been incorpo-
rating into their lives since the times of Aristotle.? It was Eichorn who first studied the
ion exchange property of natural chabazite and natrolite scientifically.?® The presence of
extra-framework cations (and sometimes anions as well) in the zeolite structure allows effi-
cient ion exchange to occur in both aqueous and non-aqueous solutions.?’ This is exploited
in many industrial applications. For example, large amounts of zeolite NaA are used to
soften water by exchanging Na* from the zeolite with Ca®* in hard water. Zeolite A is
also a major component of concentrated washing powder formulations, where it replaces
sodium tripolyphosphate to reduce the environmentally problematic phosphate concentra-
tion.?%? Ammonium and potassium zeolites are also frequently added to soil to improve
crop yields.?® Another important use of zeolites as ion-exchangers is radioactive decon-
tamination.*** Clinoptilolite, for example, was used extensively after the Chernobyl nu-
clear disaster to remove radioactive ions such as *°Sr and '*’Cs from the water supply. >3+
Figure 1.4 summarizes the three aforementioned applications of zeolites. Because of the
aforementioned numerous applications, these materials have been an active area of research
for scientists to synthesize new zeolitic materials and/or optimize existing ones for greater
usability. However, the very first step that has to be taken is to characterize the synthe-
sized zeolites. Vibrational spectroscopy is one of the characterization techniques used in

the zeolite realm, which we will discuss in the next section.

1.5 Vibrational Spectroscopy in Zeolites

With the first synthesis of an artificial zeolite in the 1950s, 33 the interest in characteriza-
tion techniques of such materials started to grow. Spectroscopic techniques such as X-ray
diffraction (XRD), infrared (IR), Raman, nuclear magnetic resonance (NMR), and electron
spin resonance (ESR) are used to characterize zeolites, to name a few. For a comprehensive

discussion on virtually all of the existing characterization techniques in the zeolite commu-
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Figure 1.4. Schematic representation of three main applications of zeolite Y. Picture is reprinted
with permission from Ref. 17.
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nity, one can refer to Refs. 36-38. However, some common characterization techniques
are briefly discussed in Appendix A.

Properties of zeolites mainly depend on their crystal structures and the molecules they
accommodate in their pores and channels. Monitoring the zeolite structure after it has un-
dergone a chemical reaction is crucial to acquire information about the structure; that is,
the interaction between the zeolite and the adsorbates. Vibrational spectroscopy, namely
infrared and Raman spectroscopy, is a common characterization technique in the zeolite
community because it can provide information about the structure of zeolites as well as the
guest species inside. In addition, vibrational spectroscopy is also a non-destructive and rel-
atively inexpensive method that can be used for different applications in the zeolite domain,
such as (i) adsorption and catalytic reactions on zeolites, (ii) finding active sites, which is
usually done by a probe molecule, (iii) framework and extra-framework vibrations, and
(iv) guest-host chemistry and interaction in zeolites.***° It is worth mentioning that, due to
the structural complexity of the frameworks in zeolites, interpretation of experimental vi-
brational spectra has often been troublesome and obliges scientists to rely on supposition.
Computational vibrational spectroscopy has been shown to give promising results in the
interpretation of infrared and Raman spectra.*'*? Furthermore, thanks to the advancement
of computational power as well improved algorithms, calculation of vibrational frequen-
cies has become more feasible. Most important, employing periodic boundary conditions
(which take into account the effect of long-range order) is now something feasible for ze-

olitic materials.*

1.6 Dissertation Overview and Objectives

The overall objective of this dissertation is to employ electronic structure methods to
predict the physical properties of zeolites—mainly vibrational properties (infrared and Ra-
man spectra) as well as interpretation of experimental results, specifically prediction of

diffusion rates—based on first-principles (i.e., DFT) calculations. As mentioned earlier, in
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the process of synthesizing zeolites, vibrational spectroscopy is a common characterization
step. As a matter of fact, acquiring Raman spectra of zeolites is a difficult task for many
reasons, such as sample preparation and a strong fluorescence background. These exper-
imental challenges necessitate having another complementary resource on which one can
rely. One of the main goals of this dissertation is to provide an additional/complementary
source to the zeolite community, specifically in the realm of vibrational spectroscopy. The
outline of this dissertation is as follows.

In Chapter 2, we cover some of the fundamental theory and equations which are used
to acquire and interpret data throughout this dissertation. We predict the vibrational and
structural properties of siliceous and aluminosilicate sodalites with varying compositions
in Chapter 3. The motivation behind Chapter 3 is three-fold: (i) to investigate the effects of
aluminum content (especially intermediate Si/Al ratios) of sodalite, which may not be pos-
sible to do experimentally, (ii) predict Raman spectra, which are not easily measured, and
(111) to explore the effects of local composition on vibrational spectra. Chapter 4 explores
the effects of extra-framework species on the vibrational spectra of sodalite. The goal of
Chapter 4 is to determine whether the theoretical vibrational spectra of sodalite are sensi-
tive enough to provide a ‘“signature” associated with the presence of certain heavy metals
in water. Chapter 5 investigates the vibrational properties of another sodalite family called
aluminate sodalites. These materials are of interest because they disobey the Lowenstein
aluminum avoidance rule discussed in Section 1.3.1. Not much attention has been given to
these types of materials in the literature, despite their potential applications in optics and
electronics. In Chapter 6, we shift our focus towards modeling the behavior of guest species
inside sodalite and zeolite A to estimate the diffusion rates of entrapped atoms using DFT
and the nudged elastic band (NEB) method. The guest species of interest in Chapter 6 are
krypton and rubidium, and the motivation of this work was to determine whether the zeolite
getter was able to trap radioactive krypton species, or whether such species would likely

escape prior to decay. Finally, the overall conclusions of this dissertation are summarized

12



in Chapter 7. Appendix A provides a brief explanation of some characterization techniques

and Appendix B contains the specific details of the experimental methods of Chapter 4.
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CHAPTER 2

METHODS AND RESEARCH APPROACH

2.1 Introduction and Rationale

The purpose of this chapter is to provide a general overview of the fundamental theories
as well as the methods we have used throughout this dissertation. Explicit details, however,
will not be discussed, and the interested reader will be referred to more comprehensive
references for each section. Refs. 44—48 contain details on electronic structure calculations,
including density functional theory (DFT) methods.

Electronic structure calculations aim to predict and analyze the properties of a con-
figuration of atoms using the nuclear configuration as input. Macroscopic properties can
then be calculated based on the electronic states of the system. Thanks to the power of
modern computers, many quantum (and classical) mechanical problems are now tractable.
However, despite having analytical solutions to certain single-body problems (particle in
a box, harmonic oscillator, particle in a finite square well, etc.), computing the behavior
of complex systems has remained a difficult task. The reason can be explained through
an example: a bulk system such as a zeolite contains an extremely large number of elec-
trons and nuclei, which makes it impossible to solve the Schrédinger equation analytically.
Therefore, approximations are needed. Amongst other methods, we have used DFT for

data acquisition.
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2.2 Schrodinger’s Equation and the Many Body Problem

Just like solving Newton’s equations of motion will give information about the time
evolution of classical objects, in quantum mechanics, the properties (structural, vibrational,
optical, etc.) of systems can be derived from solving the Schrodringer equation. Schro-
dringer’s equation for a single electron interacting with a one-dimensional potential energy

V(x) at time ¢ is

oY
A n o
H = —%@ + V(x), 2.2)

where, H is the Hamiltonian operator (sum of all kinetic and potential energy, respectively),
Y(x,1) is the total wavefunction, which depends on the positions of the electron in one-
dimensional space, and time. This is also referred to as the time-dependent Schrédinger
equation. Through the separation of variables technique, one can separate the spatial do-
main from the time domain:

Y(x,1) = y(x)T (1) (2.3)

plugging the above equation back to Equation 2.1, we get

_hz azlﬁ(X) i 8T(t)
(% L V(xw(x)) T(0) = it ()= = 24
2 52¢(2x) v ; IT®
(2m a2+ (x)l//(x)) - () 5 = const. = E, (2.5)
w(x) T®

where, the constant E is the total energy of the system. By solving for ¢, we have

LOT(t)
T(r) = Ce BN (2.7)
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The spatial domain also yields:

22
[—hvz + V(x>] W) = Eu(x) 2.8)
2m

Equation 2.8 is the time-independent Schrodinger equation, also written Hy(x) = Ey(x).

Combining Equations 2.6 and 2.8, the overall wavefunction then becomes
P(x, 1) = gx)e " (2.9)

It should be noted that in this dissertation, the overall wavefunction ¥ does not change with
time. In other words, the system is stationary and we are dealing with the spatial part of the
wavefunction. Equation 2.8 is the backbone of all electronic structure calculations.

Now consider a solid, such as a zeolite, in which there are many electrons as well as

nuclei present. Equation 2.8 will then have another form:

Hy(r}, (R1) = Ey(ir}, (R)), (2.10)

where {r;} and {R;} denote the positions of the electrons and the nuclei, respectively. Equa-
tion 2.10, which is a secular equation, is known as the time-independent Schrédinger Equa-
tion, which can be solved analytically only for few systems (hydrogen atom, helium ion,
Li** ion, etc.). In fact, there exists no analytical solution even for the helium atom. Ex-

panding the overall Hamiltonian from the above equation yields:

. ARy 2 1N 772,88 W
H:_Zz_A/I,V’Z?1+§sz|R,I—J;,|_ﬂgvi

2.11)
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where, in order, the terms are the kinetic energy of the nuclei, the potential (Coulomb
repulsion) energy of the nuclei, the kinetic energy of the electrons, the Coulombic attraction
between the nuclei and the electrons, and the repulsion energy between the electrons. The
constant k is the proportionality constant in Coulomb’s law.

It should be noted that because the nuclei are at least 1800 times more massive than
electrons, one can assume that the ions are essentially stationary relative to the electrons.
In addition, one can treat the ion—ion interactions classically. The outcome of these assump-
tions results in decoupling the Hamiltonian in Equation 2.11 to an electronic and ionic part,
which reduces the complications of solving the many-body problem significantly. These
approximations were first made by Max Born and Robert Oppenheimer and are known as
the Born—Oppenheimer approximation.*’ Therefore, the electronic Hamiltonian, H,;, be-

comes

=1 i=

X Z
He,:——Z 2 szmzl—erl 222 e (2.12)
]¢t

Due to the complexity of the electronic motion as well as presence of large numbers of them
in the system, one cannot simply solve for the electronic energy based on Equation 2.12.
Some approximations have been developed over the past hundred years to solve the many-

body problem numerically.

2.3 Independent Particle Model—Hartree Approximation

This approximation is the first in the field of quantum chemistry, proposed by Douglas
Hartree in the early 1920s. The assumption behind this model is that each electron sees an
effective potential, which comprises the attraction from the nuclei and an average repulsion
from all the other electrons in the system. The mathematical formalism of this approxima-

tion is that the overall electronic wavefunction of the system, y(ry, ..., ,), 1s the product of
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single-electron wavefunctions:

Y(ri, ..., 1) = ¢1(r)da(r)ds(r3) - - - (1) (2.13)

Applying the electronic Hamiltonian to the above wavefunction leads to sets of equations

which can be solved:

-n_, . e*lg;(r)I? 3
%Vi + Vexi(ri) + ; f |7”j——”|dr)¢i(r) = €¢i(r), (2.14)

J#i
where Ve (r) is the Coulombic attraction from the ions felt by the single electron and ¢
is the total energy of the single electron. The term with the sum is associated with the
repulsive interactions of the other electrons, which is an electrostatic interaction. This term
is also called the Hartree potential, Vy,. The energy is calculated through self-consistent
iterations. One of the drawbacks of the Hartree approximation is that it does not force the

wavefunction to obey Pauli exclusion principle."

2.4 Hartree-Fock Method

The Hartree—Fock method improves on the Hartree method by forcing the resulting
wavefunction and approximate Hamiltonian to be antisymmetric upon exchange of elec-
trons; that is, to construct an anti-symmetric wavefunction. This is done by using a Slater

determinant,°

6100) ¢ar) . dul)]

G1(r2) ¢2(r2) ... Gu(r2)

Y(ri, s 1) = (2.15)

5/~

»¢l(rn) ¢2(rn) cee ¢n(rn)_

Hartree—Fock theory is the foundation of molecular orbital theory.

(The wavefunction of fermions, that is particles with half a spin (+1/2, +3/2,+£5/2, etc.) have to be
anti-symmetric. One of the outcomes of this dictation is the Pauli exclusion principle.
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2.5 Post Hartree-Fock Methods

Numerous methods have been developed that go beyond the Hartree—Fock approxi-
mation to resolve the issue of correlation energy. We have used DFT, which is not a post
Hartree—Fock method, in this dissertation, and other post Hartree—Fock methods are beyond
the scope of this work. The interested reader is referred to References 51 and 52. The mes-
sage to take away here is that in computational chemistry and/or solid-state physics, you are
faced with a trade-off between accuracy and computational time. Using the highest levels
of theory would give you the most accurate results, but these methods also take the most
computational time. DFT is a reasonable compromise between accuracy and computational

expense for many systems.

2.6 Density Functional Theory

Density functional theory (DFT) has become a practical tool with which it is possible
to compute many properties of complex many-body systems. This is due to the fact that
instead of dealing with the wavefunction, which is a function of at least 3N variables, it
deals with the electron density, a function of only three spatial coordinates. DFT dates back
to a paper by Pierre Hohenberg and Walter Kohn,** which for the most part, contains the
basis of electronic structure calculations in materials. It should be noted that the backbone
of DFT is based on two fundamental theorems:
Theorem 1: The external potential, Ve, 1s uniquely determined by the non-degenerate
ground state electron density, no(r). Therefore, the total energy is a functional® of the
ground-state electron density. Since there is a one-to-one mapping between the ground
state electron density and the total energy, all the properties of a system can be derived as a
consequence of this theorem. In summation, the total ground state energy of a system is a
direct functional of the electron density of that system.

Theorem 2: In continuation of Theorem 1, a universal functional for the energy E[n(r)]

A functional is basically a function of another function; in this case, total energy is a function of electron
density, which is a function of positions of electrons, therefore energy is a functional of electron density.
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in terms of the electron density n(r) exists. The exact ground state energy E, (which is
the global minimum) can be obtained variationally using the exact ground state electron

density.

2.7 Kohn-Sham Equations

Although the Hohenberg—Kohn theorem guarantees the existence of universal density
functional, it does not provide any information about what it is. Kohn and Sham* took
a big step to finding the electron in a system of non-interacting electrons with the same

electron density as the interacting system with the following formalism:
E[n(r)] = T[n(r)] + Exln(r)] + Ex[n(r)], (2.16)

where the terms on the right-hand side are the kinetic energy, the Hartree energy, and
the exchange—correlation energy, respectively. With some simplifications, the Kohn—Sham

equations for the single-particle orbital ¢,;(r) are

2
—Zh—mV2 + Vi(r) + Veu(r) + Vie(r) | ¢i(r) = €i(r) (2.17)

where Vy is the Hartree potential, V,,, is the electron—nuclei potential, and V,. is the

exchange—correlation potential, which we will discuss below.

2.8 Exchange—Correlation Functional

The most prominent challenge in DFT calculations lies in the exchange—correlation
functional, as it is unfortunately unknown. There are different approximations of both in-
creasing accuracy as well as computational time. For the most part in this dissertation, we
have used the local density approximation (LDA). The reason is two-fold: (i) Quantum
ESPRESSO is only capable of computing both infrared and Raman spectra at this level of

theory, and (ii) for inorganic oxides, it produces reasonable results within reasonable com-
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putational time. However, it should be noted that LDA generally overestimates binding,
which results in underestimating the cell parameters. As the name suggests, the exchange—
correlation functional depends only on the local electron density (not its gradient, curvature,

etc.) and is derived from a homogeneous electron gas with density n(r):

EXPA[n(r)] = f n(Aewn(rldr, 2.18)

where €, is the exchange—correlation energy density of the uniform electron gas (jellium).
The next level of approximation to the exchange—correlation functional is the general-
ized gradient approximation (GGA), in which the gradient of the electron density, Va(r), is

also taken into account:

ESSAn(r)] = f n(r)e[Vn(r), n(r)ldr. (2.19)

In addition to GGA, there exists another approximation in which the Laplacian (second
derivative) of the electron density is included, which are called meta-GGA.>*>* There are

also hybrid functionals, which we will discuss below.

2.9 Hybrid Functionals

One popular method to construct more robust functionals is to mix the exact exchange
energy (from Hartree—Fock) with the exchange—correlation functionals from DFT. These
types of functionals are called hybrid functionals, and the percentage of exact exchange is
based on empirical data (i.e., B3LYP).>®> Only in Chapter 6 for the cluster calculations do

we employ the hybrid functional B3LYP.%
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2.10 Plane Wave Basis Sets
One of the common ways to describe Kohn—Sham orbitals is to use plane-wave basis

sets, which is to expand the orbitals by determining the coefficients ¢, ., below:

i) = > e e ™, (2.20)

G

In a periodic system, using plane-wave basis sets is advantageous over localized basis sets
because the plane waves are periodic. Quantum ESPRESSO employs such basis sets, in
which the highest energy plane wave is defined by an energy cutoff. It is worth men-
tioning that due to the presence of the core electrons, the oscillations near the nuclei can
be relatively high due to the number of nodes involved in the atomic orbitals. This re-
quires including many plane waves to describe the electrons, which adds computing time
for the system of investigation. To overcome this dilemma, modern solid-state computa-
tional packages employ pseudopotentials to reduce the number of plane waves required for

the calculations, which we will discuss in the subsequent sections.

2.11 Molecular Orbital Basis Sets

The discussion of different types of basis sets in computational chemistry/physics is a
very broad topic because there have been many basis sets developed for most of the ele-
ments in the periodic table. There is a database, called Basis Set Exchange,”’ in which
different types of basis sets for different elements have been developed. Some of the well-
known basis sets are Slater Type Orbitals (STOs), which are exponentially decaying func-
tions (o e¢7¢") and Gaussian Type Orbitals (GTOs), which are similar to STO’s but the

@’ Tt is best understood if the concept of basis sets

decaying function is proportional to e~
is explained through examples.
The Minimal Basis Sets, also known as single-zeta ({), for the nitrogen atom are 1s,

2s, and 2p orbitals (derived from nitrogen’s electronic configuration). This means you need
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at least those functions to be able to describe all the electrons in a nitrogen atom. This is
sometimes written as 2s1p, meaning there are two types of s-type orbitals and one type of
p-type orbital. The names associated with these minimal basis sets are STO-nG (a Slater
type orbital represented as the sum of n Gaussian functions). Similarly, if you add another
wavefunction to the minimal basis set (single zeta), you end up with double zeta (DZ)
basis functions, and our nitrogen example would become 3s2p. Finally, triple zeta (TZ) is
when you have three sets of valence orbitals; for nitrogen, this would be 4s3p. As another
example, for carbon we have
wiple zeta (TZ)

C= 1s2s2p 3s3p 4s4p.
~————

single zeta (SZ)

double zeta (DZ)

Split valence It is common to separate valence and core orbitals. For instance, the 3-21G
basis set is a split-valence basis set in which the core electrons are described by three
Gaussian basis functions (denoted by a 3 before the hyphen) and the valence electrons
are each described by two orbitals (one consisting of 2 Gaussian functions and the other
consisting of one). The 6-31G basis set is another well-known and more accurate basis
set in which the core orbitals are expanded using six Gaussian functions and the valence

orbitals are described by two orbitals, using three and one Gaussian primitives, respectively.

Polarization functions are another modification of basis sets that take into account the
effect of angular momentum and describe the polarization of the electron density. The
6-31G(d) basis set adds an additional d orbital to describe the valence electrons. For in-
stance, for the second row in the periodic table, where p is the valence orbital, the 6-31G(d)
basis set adds an additional d orbital. However, for iron, since a d orbital is the valence
orbital, using this basis set adds an additional f orbital. It is also called 6-31Gs. In order
to add angular momentum to hydrogen (light atoms), the 6-31G(d,p) basis set can be used.

Another notation for this basis set 18 6-31Gsxx.
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It is also common to split the valence orbitals even further. For instance, 6-311G(d,p)
is another and well-known basis set in which the valence orbitals are described using three,
one, and one Gaussian primitives.®) We will use this type of basis set for cluster calcula-

tions in Chapter 6.

2.12 Pseudopotentials

The concept of a pseudopotential emerges from the idea that the properties of molecules
and/or solids depend primarily on the valence electrons. The core electrons are not signif-
icantly affected by the chemical environment of an atom. Employing pseudopotentials
allows us to separate the core electrons from the valence electrons. There are two funda-
mental assumptions to construct a pseudopotential: (i) the core-electron wavefunctions do
not participate in bonding, and (ii) the valence electrons “feel” an effective potential from
the core electrons. Figure 2.1 shows a schematic representation of a pseudopotential and
its corresponding pseudo-wavefunction (also referred to as an effective atomic wavefunc-
tion). The core electrons are inside of r,., and the valence electrons are on the outside. The

governing equations then can be written as,

wpseudo(r > 1) = Wreal(r > 1) (2.21)

Epseudo(r > 1) = €ealr > 1) (2.22)

where, Ypseudo aNd €pseudo are pseudowavefunction and pseudopotential, respectively.

2.12.1 Norm-Conserving Pseudopotential
It should be stressed that both versions of Quantum ESPRESSO>*° that were em-
ployed throughout this dissertation were capable of computing both infrared and Raman

spectra only with norm-conserving pseudopotentials with the local density approximation

O1n the same context, in order to model anions more accurately, a “diffuse function” can also be added
to the basis set. The notation is 6-31+G(d,p), and similarly, another + sign indicates diffuse functions on
hydrogen atoms.
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Figure 2.1. Schematic representation of pseudowavefunction and pseudopotential. Figure inspired
by Ref. 58.

(LDA). Therefore, most of the studies in this dissertation have been carried out using
norm-conserving pseudopotentials. Norm-conserving pseudopotentials were developed by

Hamann et al.,®' the fundamental principle behind them is the identity

f Wpseudo(P)*r2dr = f Wrear(R)*rdr, (2.23)
0 0

which essentially means that the charge density of the pseudo-wavefunction below the
cutoff should be the same as that of the real wavefunction of the system. In the norm-
conserving pseudopotential scheme, the valence and core wavefunctions have to be orthog-
onal to one another. This restriction is crucial, as it allows good transferability of atomic

pseudopotentials of an element to many chemical environments. '62
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2.12.2 Ultra-Soft Pseudopotentials

Ultra-soft psuedopotentials were originally developed by Vanderbilt.®® In the ultra-soft
formalism, the charge conservation constraint is removed and the value of r,. can be larger
than in the norm-conserving case, resulting in a decrease in the kinetic energy. In addi-
tion, having a higher cutoff distance causes the valence electrons to experience a “softer”
potential as well as requiring fewer plane waves, resulting in less computational time. The
transferability of these pseudopotentials to other chemical environments is not as robust
as for norm-conserving pseudopotentials. However, as demonstrated by Laasonen,* good
transferability has been observed for small oxygen molecules. We use ultra-soft psuedopo-

tentials for some calculations in Chapters 3 and 6.

2.12.3 Projector Augmented Wave (PAW) Method

The full explanation and the theory of the PAW method is beyond the scope of this
dissertation. The interested reader is referred to Ref. 65. The PAW formalism is essentially
a hybrid/generalization of both ultra-soft pseudopotentials and the linearized augmented-
plane-wave (LAPW) method, % which uses an all-electron approach to solve for the poten-
tial energy. The accuracy of the PAW method is generally higher than ultra-soft and norm-
conserving pseudopotentials. In addition, using a linear transformation, the all-electron
wavefunction can be reconstructed from a smooth pseudo-wavefunction, resulting in less
computational time.%> We use PAW pseudopotentials only in Chapter 6 to test the robust-

ness of our results.

2.13 Density Functional Perturbation Theory

In condensed matter systems such as zeolites, many observed phenomena are the con-
sequences of lattice vibrations (phonons). The first part of this dissertation—which focuses
on the infrared and Raman spectra of sodalites families—is one of the examples that is

associated with the vibrations of small segments of zeolites. In addition, other properties
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such as heat capacity, thermal conductivity, neutron diffraction, and thermal expansion are
directly related to the motion of the atoms (vibrations) in materials. Density functional per-
turbation theory (DFPT) is a modern and robust computational method to calculate lattice
dynamics from DFT calculations. As the name suggests, DFPT is a combination of linear
perturbation theory with density functional theory, which works by applying a linear pertur-
bation to the system. The way materials “respond” is what determines their properties, the
so-called response functions. For instance, these response functions can be first, second, or
higher- order derivatives of the total energy with respect to the applied perturbations.

These calculated derivatives of the total energy with respect to atomic positions result in
a dynamical matrix, which is then diagonalized to yield the phonon frequencies and normal
modes. In the case of vibrational frequencies, the variables involved in the derivatives are
displacements of the atoms from their equilibrium positions and the response function is
the second-order derivative of the total energy with respect to atomic displacements, which
eventually leads to infrared spectra. For Raman spectra, on the other hand, it is the third-
derivative of the total energy with respect to two electric fields applied and one atomic
displacement. One of the main advantages of DFPT compared to other methods, such
as the frozen-phonon method,%’ is the flexibility of calculating phonon frequencies at any
wave-vector. 8

The equations for DFPT are not provided here. The interested reader is referred to more

comprehensive resources on this topic. %73

2.14 Transition State Theory

This section describes the theoretical background for Chapter 6 in which we study the
encapsulation of krypton and rubidium in zeolites. The core concept of that study lies
in transition state theory (TST), which is designed to calculate the rate at which a sys-

tem leaves its initial conﬁguration,“” overcomes a barrier, and reaches another equilibrium

@ Other words which can be used interchangeably are state and basin.
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state.”* At any given temperature, the atoms in a solid have some thermal energy, causing
them to vibrate and collide with each other. To better understand the importance of TST,
we start with an illustrative example of a silicon computer chip. At room temperature, the
silicon atoms only vibrate around their equilibrium positions. In relatively rare events, a
silicon atom or a group of atoms might receive enough energy to overcome bonds in the
lattice and reach another stable state. Transition state theory allows us to get a better insight
of not only the aforementioned example, but also other important processes (e.g., release
of radionuclei).

TST is associated with the concept of a potential energy surface (PES). A PES describes
the relationship between the (potential) energy of the nuclei and their positions. Figure 2.2
shows a PES in two dimensions. Let us assume the system resides in basin A and the final
state is at B. The transition from A to B requires a certain amount energy, which is called
the activation energy (sometimes referred to as the “barrier”). If the thermal energy present
in the system is significantly higher than the activation energy, which is the difference
between 1 or 2 and A in Figure 2.2, then the system can move quickly between basins.
However, for events in which the thermal energy given is small compared to the heights of
the barriers, then these transitions will occur rarely.

The biggest challenge to use TST for finding the rates of rare events is to find the
transition states and subsequently the barriers associated with them. One can estimate the
rates of transitions using harmonic transition state theory (hTST).”*” Classical harmonic

transition state theory gives the rate expression

T _
keT O ( AEA), (2.24)

r = — =
hTST h 0 exp kpT

where [ rst i the jump rate from harmonic transition state theory (hTST), kg is the Boltz-
mann constant, 7" is the absolute temperature, and / is the Planck constant. The quantity

AE, is the difference between the electronic energies of the transition state and the initial
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Figure 2.2. A topographic map of a potential energy surface. The local minima are A, B, and C.
The saddle points (transition states) are denoted by stars. Figure reprinted with permission from

Ref. 74.

state. Q% and Q are the total vibrational partition functions of the transition state and initial
state, respectively, with the normal mode in Q¥ associated with vibration of the transition

state along the minimum-energy pathway removed. Expanding the partition functions in

Equation (2.24) gives
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where N is the number of atoms present in the system. The three translational modes are not
included in the rate expression (and, given that the crystal is at rest, the frequencies of these
modes will be zero based on the accoustic sum rule’®). The fourth mode excluded from the
transition state (}) terms corresponds to the “upside-down” well, which has an imaginary
frequency and is associated with vibration of the transition state along the minimum-energy
pathway to form the product state. The term AEpg is the zero-point energy, the sum of all
%hv terms for each real-valued vibrational frequency in the transition state minus similar

terms from the initial state.

2.15 Saddle Point Finding Method

Finding the minimum energy path (MEP) has been an important challenge in the fields
of theoretical chemistry, condensed matter physics, and materials science.’’ The MEP de-
scribes the mechanisms of chemical reactions,”’ including transition states (also referred to
as activated complexes), and energy barriers along the path, which together can be used to
calculate the reaction rate. In order to find the MEP, one needs to find the initial state (reac-
tant configuration) and final state (product configuration) of the reaction. Among different
methods’® to find the MEP, we have employed the nudged elastic band (NEB) method de-
veloped by J6nsson et al.” The idea behind the NEB is that a set of “images” (the gray dots
in Figure 2.3) of the system of interest is constructed and connected with “springs” from
reactants, R, to products, P. Initially, the path is a straight line in 3N-dimensional space

from R to P as seen in Figure 2.3, which is then optimized based on the NEB algorithm.

2.15.1 Nudged Elastic Band
In a generic NEB scheme, M images are specified {Rg, Ry, Rs,..., Ry}, where Ry and
R,, are the initial and final states, respectively. The initial and final states should be local

minima. The total force acting on each image has the following form:

F =l 4 (2.26)
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Figure 2.3. Schematic representation of NEB method. The NEB force F?IEB, consists of spring
force Ff”, along the tangent, and the perpendicular force because of the potential F;-. Reprinted
with permission from Ref. 77.

where, Ff Iis the sum of the spring forces (with k being the force constant) along the local
tangent (7;):

F}! = k(Ri.i - R - IR; — R, (2.27)

and F; is the true force (due to the potential) perpendicular to the local tangent:
F = -V(R)) + V(R)).7,.7, (2.28)

It should be noted that the spring forces are ignored for R and P. The nudging algorithm
in NEB ensures that the images are evenly spaced along the path in the 3N dimensional
space if the stiffness of all the springs is chosen to be the same. In addition, the nudging
algorithm eliminates corner cutting and leads to convergence to practically the same barrier

height.”
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2.15.2 Climbing Image NEB

An improvement to the regular NEB method is the climbing image NEB (CI-NEB)
method, in which a more accurate convergence to finding the saddle point (transition state)
is achieved. After a few iterations in regular NEB, the image with the highest energy, i,

is identified. Unlike Equation 2.26, the forces on this particular image is calculated by:

F, =-VER; )+2VER; )

Umax Umax

! (2.29)

= _VE(R ) + ZVE(Rimax)'ﬁlrza,\'ﬁ

Umax max

We use CI-NEB in Chapter 6 to find the transition states as well as the activation energies

of the diffusion of krypton and rubidium through sodalite and zeolite A.
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CHAPTER 3

VIBRATIONAL SPECTROSCOPY OF SODALITE: THEORY AND

EXPERIMENTS

This chapter was previously published as Ref. 41, an article in The Journal of Physical
Chemistry C. The authors of that article are Amir M. Mofrad, Caio Peixoto, Jack Blumeyer,

Jinrui Liu, Heather K. Hunt, and Karl D. Hammond from the University of Missouri.

3.1 Summary

This chapter discusses the effects of compositional variation (Si/Al ratios of infinity, 11,
5, 3,2, 1.4, and 1) on the vibrational spectra of sodalite (framework code SOD), one of the
simplest zeolite frameworks, through density functional theory (DFT) calculations. Addi-
tionally, we report the results of testing our DFT calculations on experimentally-obtained
infrared spectra of sodalites using different synthesis conditions to obtain spectra for so-
dalites with Si/Al = 1 and Si/Al — oo (siliceous sodalite). The experimental spectra
are in good agreement with our DFT calculations in terms of predicting the characteris-
tic vibrational modes of sodalites. However, we observe substantial peak broadening in
the asymmetric stretching region and additional peaks in the experimental spectra that are
not present in the calculated spectra. The second part of the study tests whether these addi-
tional peaks could arise from the existence of defects (i.e., hydroxyl groups and/or adsorbed
water) in synthetic sodalite powders. The vibrational spectra in the high-frequency OH
stretching region from DFT calculations are also compared to experimental spectra. With

the help of DFT calculations and prior studies, we conclude that the defects in siliceous
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sodalites are likely to be silanol (SiOH) groups. Although hydroxyl groups and adsorbed
water are not the only defects that can occur in zeolitic materials, our DFT calculations
suggest that their inclusion is able to account for many of the discrepancies between the

experimental and simulated spectra.

3.2 Introduction

Microporous materials have long attracted interest because of their high surface-area-
to-volume ratios and their ability to admit molecules in their pores in a size- and shape-
selective manner; these properties have led to their extensive industrial use in catalytic,
adsorption, and separation processes.”*> Microporous materials are defined as materials
whose pores have radii smaller than 2 nm;® this class of materials includes metal—organic

4 among others.®> Zeolites

frameworks (MOFs),®"82 microporous carbon,® and zeolites, 8
are crystalline microporous materials with inherently ordered microporous atomic frame-
works, catalytic capabilities, and compositional tunability.%® They are composed of groups
of interconnected SiO, and AlO, tetrahedra called secondary building units (SBU) that
form long-range microporous networks containing cavities and channels of molecular di-

mensions. These complex frameworks are metastable arrangements of the framework tetra-

hedra.®” Moreover, their open framework allows zeolites to act as hosts to adsorbed species,

21,88 89,90 91,92

such as inert gases, hydrocarbons and oxygenated hydrocarbons, water, and
dyes;** serve as ion exchange substrates and water softening agents;** and to remove ra-
dionuclides® or toxic elements such as lead, cadmium, or arsenic.”® For these and other
applications, obtaining detailed structural information of the specific zeolite under study is
crucial for understanding their resulting properties and behavior.

Sodalite (framework code SOD), having the general formula NagSigAl,O,,Cl,, with 46
atoms per unit cell, is one of the highest-symmetry zeolite frameworks. It consists of six-
membered rings (S6R) and four-membered rings (S4R) shaped in structures called sodalite

cages (Figure 3.1).
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Figure 3.1. Structure of sodalite (SOD framework; a = 8.756 A). Colors indicate different ele-
ments: blue, silicon; cyan, aluminum; yellow, sodium; red, oxygen; and green, bromine. Spheres
are drawn with a radius half the value of either the ionic radius (Br~, Na") or the covalent radius
(Al, Si, O). SOD has a simpler structure, higher degree of symmetry, and a smaller number of atoms
per unit cell compared with most other zeolite frameworks.

Sodalite cages—also called -cages, particularly in the LTA framework—are common
secondary building units in zeolite frameworks, occurring in EMT, FAR, FAU, FRA, GIU,
IFY, LTA, LTN, MAR, SOD, and TSC. Because of its simplicity, sodalite has drawn sig-

nificant attention from computational scientists,’~%?

but as is the case with many zeolites,
the properties of the SOD framework remain poorly understood, such as the relationships
among the intra-framework and extra-framework species and their influence on the result-
ing vibrational properties.

X-ray crystallography is the typical first step in zeolite characterization, but comple-
mentary techniques, such as infrared and Raman spectroscopy, can be used to provide more
specific information regarding bonding and local structure.'®> However, the complexity of

zeolite frameworks, the presence of extraframework cations, and the possible presence

of defects such as terminal hydroxyl groups have made the interpretation of experimen-
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tal vibrational spectra so difficult that computational methods have become important for
detailing the analysis of the structural properties and for the interpretation of vibrational
spectra.

Many theoretical studies, either with or without experimental comparisons, have been

1.%

performed on zeolites. For example, Konstantin et al.”® performed a molecular dynam-

ics (MD) study of the sodalite-cage-containing pure silica (siliceous) zeolites SOD, LTA,

1.190 examined the effect

FAU, and MFTI, to obtain their vibrational spectra. Creighton et a
of alkali metal cations as charge-compensating species in sodalite on the vibrational spec-
tra using the Wilson GF matrix method'® (where G™' gives the kinetic energy in terms
of arbitrary linear internal coordinates, while, F represents the [harmonic] potential energy
in terms of these coordinates!%®). Filippone et al.'® examined the structural, vibrational,
and electronic properties of sodalite with Si/Al = 1 using MD. More recently, Mikula
et al.*3 examined the differences between periodic crystals versus Si—OH or Si—H termi-
nated cluster calculations on SOD. They observed that although cluster models reproduce
the characteristic vibrations of SOD’s subunits, periodic models automatically take into
account SOD’s long-range order and more closely predicted its infrared absorbance spec-
trum. The same group'?” examined ion-exchange processes in sodalite using spectroscopic
techniques with the aid of periodic Hartree—Fock (HF) calculations, exchanging sodium
ions in the SOD framework with silver, cadmium, and lead cations. The authors reported
that silver cations were able to replace sodium without modifying the material’s structure;
the presence of cadmium led to the decomposition of the framework; and lead ion exchange
caused an increase in unit cell parameter and partial decomposition of the sodalite frame-
work. Moreover, they observed that these ions gave rise to different infrared absorbance
bands in the far infrared region due to ionic sublattice vibrations.

Despite the aforementioned studies of SOD’s vibrational modes, to the best of our
knowledge, neither theoretical nor experimental studies have been done on the influence of

aluminum content on the structural and vibrational properties of SOD. Because catalytic
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performance and aluminum content are interrelated in zeolite catalysis, indirectly probing
the effects of Si/Al ratio and the aluminum sites using spectroscopic methods such as in-
frared (IR) and Raman, especially in combination with probe molecules adsorbed at the
active sites, might be beneficial to the design of new zeolite catalysts. %

In this chapter, we study how varying the Si/Al ratio affects the resulting IR and Raman
spectra of SOD, as well as its effect on structural properties, such as lattice constant, using
density functional theory (DFT) with periodic boundary conditions (PBC) under the local
density approximation (LDA). We also compare two of our compounds’ IR spectra to mea-
sured spectra of siliceous sodalite (Si/Al — oo) and aluminosilicate sodalite (Si/Al = 1).
The presence of additional peaks as well as substantial peak broadening in the asymmetric
stretching region in our experiments led us to study whether the discrepancies could be
explained by introducing hydroxyl groups and/or adsorbed water as defects in our model

through DFT calculations. We find that peaks in the 800-1000 cm™' range, which are

present in the measured spectra, are consistent with terminal hydroxyl groups.

3.3 Methods
3.3.1 Computational Procedure
To make structures with Si/Al > 1, we started with natural sodalite, NagAl;Si,O,,Cl,

109 with the space group P43n. We

(Fig. 3.1) using the asymmetric unit from Hassan et al.
then substituted one aluminum atom at each step with a silicon atom, thereby increasing the
Si/Al ratio. We simultaneously removed one of the (up to) four nearby sodium ions, which
are present as charge-compensating extra-framework cations. We continued this procedure
until we reached the siliceous form (Si,,0,,). In this way, we were able to generate Si/Al
ratios of 1, 1.4, 2, 3, 5, 11, and co. Compounds with Si/Al € {2, 3, 5} could have differ-
ent distributions of aluminum in their unit cells. However, in order to be consistent with

Lowenstein’s rule,'? only certain configurations are allowed. The allowed configurations

are denoted with lower case Roman numerals in Table 3.1. Furthermore, to be consis-
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tent with our experimental results, we chose to have bromide as our extraframework anion
in place of chloride. After replacing the first aluminum atom with silicon, there are four
nearby sodium cations that could be removed, but because of the periodic boundary condi-
tions present in our calculations and the symmetry of the framework (i.e., all sodium ions
are crystallographically equivalent), all four choices gave identical results in terms of total
energy and structure. Subsequently, for the other Si/Al ratios, we started from the previous
structure and removed another aluminum atom and replaced it with silicon, followed by the
removal of a sodium ion in a similar manner as mentioned above. This procedure meant
that the two bromide anions and the two corresponding sodium cations remained virtually
fixed at their crystallographic positions. The formulas of each compound are presented in
Table 3.1. Note that without the other four extraframework ions (two bromide anions and
two sodium cations), the sodalite unit cell collapsed; keeping them in the unit cell stabilized
the structures and preserved the SOD framework. Only in the pure SiO, case were the four
remaining extra-framework ions removed.

We performed all of our simulations using density functional theory (DFT)*!1% within
the local density approximation (LDA) %! with plane-wave basis sets using Quantum
ESPRESSO. In order to have reliable results, we performed convergence tests with re-
spect to some of the parameters in our calculations. The first test was a pseudopotential and
density functional test, which was performed using six different pseudopotential/density
functional combinations that were available for all the elements in sodalite from the Quan-

tum ESPRESSO database, namely the following combinations:

NC-LDA local density approximation with norm-conserving Martins—Troullier (MT) pseu-

dopotentials '!>116

NC-PBE Perdew—Burke—-Ernzerhoff (PBE) functional !'”-!® with norm-conserving MT

pseudopotentials

38



PAW-PBE PBE functional with nonlinear core-correction and projector augmented wave

(PAW) pseudopotentials '

ULT-LDA Perdew—Zunger LDA '?° with nonlinear core-correction and the Rappé—Rabe—

Kaxiras—Joannopoulos (RRKJ) ultrasoft pseudopotentials !2!:122

ULT-PBE PBE with nonlinear core-correction and RRKIJ ultrasoft pseudopotentials

ULT-PW91 PWO1 23124 with nonlinear core-correction and Vanderbilt ultrasoft pseudopo-

tentials 63,125,126

The convergence test was done only on siliceous sodalite to get the infrared spectrum.
Only the norm-conserving LDA pseudopotential (NC-LDA) predicted the experimental IR
spectrum of siliceous SOD. The results of this test are provided in Figure 3.2.

This result was favorable to the aim of the study, because the current version of Quan-
tum ESPRESSO is capable of calculating Raman spectra at the norm-conserving LDA level
only. The second and third tests were convergence tests with respect to plane-wave cutoff
energy and the number of k-points for sampling the first Brillouin zone. The resulting en-
ergy cutoff was 80 Ry, and a 2 X 2 X 2 k-point mesh using the Monkhorst—Pack scheme '8
was found to be sufficient. After achieving the converged values from these tests, we found
the equilibrium volumes for each compound using a variable-cell geometry optimization
technique. The results from this step are shown in Table 3.4. In the next step, we performed
phonon calculations, from which IR and Raman spectra are obtainable. The Kohn—Sham
orbitals at this step were calculated only at the center of the Brillouin zone (I" point). The
theoretical spectra obtained are merely intensities at a specific wavenumber; to generate a
spectrum more consistent with what might be measured, the peaks were artificially broad-
ened using a 20 cm™! full-width-at-half-maximum (FWHM) Gaussian line shape. The
reason for choosing 20 cm™' as the FWHM was that larger values would obscure some
bands but smaller values would produce a noisy spectrum. Each of the normal modes was

visualized using the tools in Refs. 129 and 130.
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Figure 3.2. Comparison of simulated infrared spectra for siliceous sodalite using different theories.
Experimental graphs are illustrated in red, simulated broadened graphs are in black, and simulated
raw graphs are in green. Among these six different theories, norm-conserving LDA (NC-LDA)
predicts the three characteristic bands better than others. The data for the experimental graph was
adopted from Bornhauser et al. '’
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Table 3.1. Sodalite unit cells with different compositions as simulated with DFT.

Sample* # Al Formula Si/Al ratio
T-1 6 NayBr,SicAlO,, 1
T-1.4 5 Na,Br,Si,A1,O,, 14
T-2-1 4 Na,Br,SigAl,O,, 2
T-2-ii 4 NayBr,SigAl,O,, 2
T-2-iii 4 Na,Br,SigAL,O,, 2
T-2-iv 1 Na(Br,SigAlL,O,, 2
T-2-v 4 Na(Br,SigAlLO,, 2
T-3-1 3 NasBr,Si,Al,O,, 3
T-3-ii 3 Na;Br,Si,Al,O,, 3
T-3-iii 3 Na;Br,Si,AL,O,, 3
T-3-1v 3 Na,Br,Si,Al,0,, 3
T-5-1 2 Na,Br,S1,,A1,0,, 5
T-5-11 2 Na,Br,Si,,ALO,, 5
T-5-iii 2 Na,Br,Si,,ALO,, 5
T-11 1 Na,Br,Si,,AlO,, 11
T-S 0 S1,,0,, 00

“In the Sample column, T stands for theoretical, the second
number corresponds to the Si/Al ratio (“S” means “siliceous”),
and the Roman numerals correspond to different configurations
with the same Si/Al ratio, consistent with Lowenstein’s Rule.

3.3.2 Design of Experiments

SOD crystals can be synthesized via hydrothermal and solvothermal synthesis routes.
Numerous synthetic protocols are available in the literature for both siliceous and alumi-
nosilicate materials. Recognizing that such protocols could yield vastly different mate-
rials, we selected two different procedures to synthesize siliceous SOD and another for
aluminosilicate sodalite and varied the parameters in all three protocols. We synthesized
siliceous SOD powders in a non-aqueous medium according to protocols previously re-

131 and by Bibby and Dale. 3> The former is very similar to the latter

ported by Shao et al.
except that it contains one extra reagent, pyrocatechol, which can form silicon-containing
complexes. These in turn lower the number of nucleation sites, ultimately yielding larger

crystals. Aluminosilicate powders were obtained via the procedures described by Stein. '3
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Besides the variations between synthetic protocols, synthesis conditions can also alter
the final properties of synthetic zeolitic materials. Even for the same reaction gel compo-
sition and synthesis protocol, we hypothesize that parameters such as crystallization tem-
perature, crystallization time, and gel aging time may influence the physical, chemical,
and vibrational properties of zeolites. To ensure the synthesis of pristine SOD, we used a
software-aided design of experiments to account for possible variability in powders syn-
thesized from the chosen protocol as a function of several synthetic variables: aging time
(Taging)» crystallization temperature (7cy), and crystallization time (7rys). Experimental
parameters were obtained from the original protocol and assigned to experimental units
using the statistical analysis software JMP,!3* yielding the experimental design shown in

Table 3.2.

3.3.2.1 Materials

Ethylene glycol (= 99%), pyrocatechol (approx. 99%), sodium hydroxide (99.5%), sil-
ica sol (40% w/w suspension in H,0), and sodium bromide (> 99%) were purchased from
Sigma-Aldrich; sodium aluminate and sodium silicate from Fisher Scientific; and fumed
silica (= 99.8%) from Cabot. All reagents were used as-received without further purifica-
tion. Deionized water (13—15 M) was obtained from an Elga Purelab Ultra water deion-

izer.

3.3.2.2 Syntheses
3.3.2.2.1 Siliceous Sodalite Synthesis To synthesize siliceous sodalite, we chose two

well-known procedures: protocol 1 was based on the work of Bibby and Dale '3

and pro-
tocol 2 was based on the work of Shao et al.!*' These two protocols differed primarily in
the composition of the reaction gel. Following protocol 1, 0.34 g of sodium hydroxide was
dissolved in 20.67 g of ethylene glycol. Subsequently, 2.00 g of fumed silica was added to

the solution, which was then stirred. According to protocol 2, 0.50 g of sodium hydroxide,

0.50 g of pyrocatechol, and 20.00 g of ethylene glycol were first mixed prior to the addition
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Table 3.2. Synthetic parameters determined by a software-aided design of experiments. Ranges of
values were suggested by the selected synthesis protocols and assigned to specified experimental

conditions using JMP. 134
Samplea Taging Tcryst Tcryst
(min) (°C)  (day)
1-5-175-9 5 175 9
1-5-175-21 5 175 21
1-5-180-9 5 180 9
1-5-180-21 5 180 21

1-1440-175-9 1440 175 9
1-1440-175-21 1440 175 21
1-1440-180-9 1440 180 9
1-1440-180-21 1440 180 21

2-5-175-9 5 175 9
2-5-175-21 5 175 21
2-5-180-9 5 180 9
2-5-180-21 5 180 21

2-1440-175-9 1440 175 9
2-1440-175-21 1440 175 21
2-1440-180-9 1440 180 9
2-1440-180-21 1440 180 9

3-1-95-2.5 1 95 2.5°
3-1-95-24 1 95 24°
3-1-150-2.5 1 150 2.5b
3-1-150-24 1 150 24b
3-5-95-2.5 5 95 2.5°
3-5-95-24 5 95 24b
3-5-150-2.5 5 150 2.5b
3-5-150-24 5 150 24b

“Sample coding reflects composition, proto-
col (1-3), aging time, crystallization temperature,
and crystallization time, respectively. For example,
sample 1-5-175-9 contains the following informa-
tion: protocol 1, 5 min aging time, 175 °C crystal-
lization temperature, and 9 d crystallization time.

bThe crystallization time unit in protocol 3 is
in hours.
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of 2.00 g of fumed silica. Both protocols were carried out in a clean glass beaker (125 mL)
using a magnetic stirrer (Fisher Scientific, Isotemp, 1200 rpm) at room temperature. Af-
ter the gel was formed, it was aged for either 5 min or 24 h under the same conditions
(1200 rpm, room temperature). Following aging, the gel was transferred to 23 mL Teflon-
lined autoclaves and placed in an oven (Fisher Scientific, Isotemp Oven) at either 175 or
180 °C for either 9 or 21 d. After synthesis, samples were filtered (Whatman Filter Paper,
Grade 4) using deionized water and acetone until the powders became white in color. They
were subsequently calcined at 400 °C in a tube furnace (Thermo Scientific, Lindberg/Blue
M) for 4 h with a heating and cooling rate of 0.5 °C/min. Calcined powders were ground

and stored in 10 mL glass vials for further characterization.

3.3.2.2.2 Aluminosilicate Sodalite Synthesis Aluminosilicate sodalite samples were
synthesized according to the protocol described by Stein'** (protocol 3), summarized be-
low. After synthesis, aluminosilicate samples were filtered using deionized water until the
filtrate pH reached 7.0. The samples were then ground and stored in 10 mL glass vials for
further characterization. Because this synthesis protocol did not use an organic structure-
directing agent, calcination was unnecessary.

In protocol 3, a 100 mL glass beaker, 15.00 g of sodium hydroxide, and 38.33 g of
sodium bromide were dissolved in 75.00 g of deionized water. After stirring until the solid
reagents were fully dissolved using a magnetic stirrer at 1200 rpm and room temperature,
7.50 g of silica was added to the solution and stirred on a heated magnetic stirrer until
the solution reached 95 °C. In another beaker, 10.00 g of sodium hydroxide and 3.90 g
of aluminum hydroxide were dissolved in 50.00 g of deionized water (1200 rpm); the
solution was heated to 95 °C. Once both solutions reached 95 °C, they were mixed in a
polycarbonate bottle and stirred vigorously for either 1 or 5 min to age. Immediately after
that, the final solution was transferred to 23 mL Teflon-lined autoclaves and placed in an

oven (Fisher Scientific, Isotemp Oven) at either 95 or 150 °C for either 2.5 or 24 h.
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Table 3.3. Chemical composition (atomic percent) of sodalite powders calculated from EDS spec-
tra. Brown, siliceous samples have higher carbon content; the higher standard error associated with
atomic percentage measurement for those samples indicates that they are chemically non homoge-
neous.

Aluminosilicate
C 0] Na Al Si Br

Average 2.5 559 33 182 185 1.6
Std. Error 0.7 0.8 04 05 04 0.1

Siliceous (white) Siliceous (brown)

C O Si C O Si
Average 1.3 584 403 302 449 249
Std. Error 0.2 22 23 89 73 4

3.3.2.3 Characterization

All samples were characterized using powder X-ray diffraction (XRD) (Rigaku Ultima
IV, Cu-Ka, 0.15418 nm, 40 kV, 44 mA, 10-50° 26, step size 0.02°, 2°/min), and Fourier
transform infrared spectroscopy (FTIR) (Nicolet 4700, 400-1600 cm™!, 4 cm™! resolution)
in transmittance mode. For the IR spectra, samples were mixed with potassium bromide
(5 mg sample + 70 mg KBr) and pressed into 10 mm pellets for FTIR characterization using
a hand-held Thermo Fisher pellet press. The optimal KBr/sodalite ratio was determined by
preliminary experiments (data not shown). Spectral normalization and interpolated baseline
correction were performed using OriginLab. Additionally, siliceous SOD powders were
subjected to thermogravimetric analysis (TGA) (SDT 600, 30—1000 °C with heating rate of
5 °C per minute) to confirm the removal of organic reagents via calcination and to determine
their thermal stability. Chemical composition was characterized via energy-dispersive X-
ray (EDX) analysis (FEI Scios DualBeam FIB SEM, 5 kV, 6.2 nA) for two siliceous and

two aluminosilicate samples (Table 3.3).

45



3.3.2.4 EDS Discussion

Energy-dispersive X-ray spectroscopy (EDS) results indicate that synthetic sodalite
powders had an atomic composition excepted from these materials. White siliceous sam-
ples had a significantly smaller carbon content when compared to the samples that remained
brown after calcination, evidencing incomplete template removal for some samples. This
could be due to possible differences in crystal, which is directly related to the size of diffu-
sion path of byproducts of organic species thermal oxidation out of the crystals. Moreover,
aluminosilicate samples exhibited roughly the same content of aluminum and silicon. The
content of sodium and bromine were, respectively, 3.3 and 1.6 percent, substantially lower
than the ratio expected from sodalite’s chemical formula. This observation could be due to

the existence of hydroxyl groups in the structure instead of Na* and Br™.

3.4 Results and Discussion
3.4.1 Effect of Aluminum Content on Lattice Parameters and Vibrational Spectra

As shown in Table 3.4, the lattice parameter of simulated siliceous sodalite with this
pseudopotential is 8.721 A, which is 1.2 percent lower than the experimental value.'35 It
should be noted, however, that the local density approximation (LDA) used here is not
particularly accurate for insulating materials such as zeolites, so this agreement is likely
fortuitous rather than truly representative. Real zeolite samples also have impurities such
as heteroatoms and hydroxyl groups, some of which may change the measured lattice pa-
rameter. Also, DFT simulations are carried out at an energetic minimum, whereas the
experimental lattice parameters were measured at room temperature.

As aluminum is introduced to the framework, the lattice parameter increases, which
can be attributed to the presence of extraframework ions (sodium and bromide), and the
fact that tetrahedral aluminum ([AlO,]") is larger than tetrahedral silicon (SiO,) due to

tetrahedral aluminum’s negative formal charge.
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Table 3.4. Lattice parameters for the various simulated sodalites.

Compound® Cell Volume (A%) a(A) b (A) cA) a(®) BEO 7
Siliceous 663.511 8.722 8.722 8722 90.00 90.00 90.00
Siliceous (expt.'*®)  687.764 8.827 8.827 8.827 90.00 90.00 90.00
Si/Al = 11 668.677 8.738 8.731 8.766 90.86 89.42 90.67
Si/Al = 5 (i) 681.266 8.792 8792 8.815 90.18 90.18 91.29
Si/Al = 5 (ii) 662.837 8711 8734 8713 90.70 90.33 89.51
Si/Al = 5 (iii) 674.250 8.698 8.806 8.805 91.24 90.12 90.12
Si/Al = 3 (i) 675.126 8.721 8.802 8.797 90.78 90.25 90.41
Si/Al = 3 (ii) 665.489 8712 8721 8751 89.17 90.17 90.18
Si/Al = 3 (iii) 662.959 8.720 8720 8.720 89.89 89.89 89.89
Si/Al = 3 (iv) 665.258 8.696 8.733 8.761 90.55 89.99 89.87
Si/Al = 2 (i) 670.505 8.692 8.794 8766 90.40 90.29 89.70
Si/Al = 2 (ii) 667.858 8.723 8.736 8.764 90.32 89.84 8991
Si/Al = 2 (iii) 664.645 8.740 8.740 8.701 89.83 89.83 90.02
Si/Al = 2 (iv) 667.861 8.736 8.764 8723 89.84 89.91 90.32
Si/Al = 2 (v) 673.713 8.761 8777 8.761 90.18 90.40 90.18
Si/Al = 1.4 672.693 8.750 8.773 8.762 89.93 90.17 90.00
Si/Al = 1 671.301 8.756 8.756 8.756 90.00 90.00 90.00
Si/Al = 1 (expt.'®) 700.700 8.882 8.882 8.882 90.00 90.00 90.00

“Lowercase Roman numerals denote different symmetrically distinct configurations of aluminum atoms
with the same Si/Al ratio.

Differences between the simulated aluminosilicate sodalite and experiments arise be-
cause of the method of calculation, the presence of OH groups, and thermal expansion.
According to Hassan et al.,'? the sodalite lattice parameter increases smoothly and non-
linearly with temperature, and based on their findings, aluminosilicate sodalite (Si/Al = 1)
should have a cell parameter of 8.861 A at absolute zero, whereas it is 8.756 A from our
simulation results. This again indicates less than —1.2 percent error.

Before discussing the details of the simulated vibrational spectra, we should mention
that the absolute assignment of sodalite’s vibrational bands to particular structural features
is challenging because of the occurrence of different structural units with the same com-
position, such as single-four-membered rings (S4R) and single-six-membered rings (S6R),

whose vibrational modes may overlap. Other factors that hamper absolute band assign-
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ments are the presence/absence of extraframework ions, the possible presence of other
non-sodalite phases, and the temperature at which the spectra were collected, among oth-
ers. To interpret our simulations, we used Molden, 129 4 visualization tool that allowed us
to assign the calculated vibrational modes as accurately as possible. Vibrational modes

137 Internal

for zeolites are categorized into two groups: internal and external vibrations.
vibrations are those associated with the internal oxygen bridges Si—O—-Si and Si—O—Al.
These bridges undergo three types of modes: asymmetric stretching, symmetric stretch-
ing, and bending. External vibrations are those that occur within the secondary building
blocks (SBU) of zeolites, such as ring vibrations; external vibrations are further classified

I and lattice vi-

as pseudo-lattice vibrations, which are usually in the range of 400—800 cm™
brations, which occur in the far-infrared (FIR) region (0—400 cm™). It is in the far-infrared
region that vibrations are affected by extra-framework species and their interactions with
the oxygen atoms in the framework. Generally speaking, because of the complexity of the
zeolite structures and the effects of long-range order, the chances of observing overlapping
vibrational modes are high. For instance, at a particular frequency, there might exist two or
three different vibrational modes, but only their combination will be visible. An example is
the overlap between ring vibrations and O—Si—O (or O—Al-0O) bending modes. At some
frequencies, these two are indistinguishable, and therefore we have specified both of these
vibrational modes in our results. In the following section, we will examine each of these
types of vibrations systematically as aluminum is introduced into the framework.

Figure 3.3 shows the calculated infrared spectra of sodalite with different Si/Al ratios,
decreasing from the top to the bottom of the plot, from 0-1300 cm™!. The most intense

band in the spectrum for Si/Al — oo, which appears at 1094 cm™!

, originates from Si—O-Si
asymmetric stretching vibrations. The next band results from the symmetric stretching of
Si—O-Si bridges, which occurs at 785 cm~ L Finally, the band at 437 cm™! in the siliceous

case is associated with Si—O-Si bending. No significant vibrational modes are observed

in the far-infrared region. In the Si/Al = 11 case, the incorporation of one aluminum
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Figure 3.3. Theoretical infrared spectra of sodium bromide sodalites at different Si/Al ratios. Ver-
tical dashed lines are drawn at the peak locations in the siliceous (Si/Al — co) spectrum, and have
wavenumbers of 1094, 785, and 437 cm™!. The dash-dotted line indicates the appearance of a new
peak as aluminum is introduced and how that peak shifts to lower wavenumbers gradually. The
replacement of silicon by aluminum atoms likely causes variations in bond length, local dipole
moment, and force constant, which leads to the observed trend. (a) siliceous, (b) Si/Al = 11,
(c) Si/Al =5, (d) Si/Al = 3, (e) Si/Al = 2, (f) Si/Al = 1.4, and (g) Si/Al = 1.

49



atom into the structure (yielding Na;Br,AlSi;;0,,) splits the asymmetric stretching mode
into two bands. The one at higher wavenumber (1196 cm™!) is the Si—O—Si asymmetric
stretching vibration, whereas the one at lower wavenumber (1065 cm™) is associated with
both Si—O—-Al and Si—O-Si asymmetric stretching. This substitution also has the same ef-
fect on the symmetric stretching mode (Si—O-Si for the higher wavenumber and Si—O—-Al
for the lower wavenumber), causing a red shift from the siliceous case. However, the bend-
ing mode remains the same. Furthermore, this substitution has caused the appearance of
some bands in the far-IR region, where lattice vibrations and ionic vibrations occur. Sub-
stituting another silicon atom with aluminum (Si/Al = 5) has a similar effect and causes
both asymmetric and symmetric stretching modes to shift to even lower wavenumbers; the
bending mode remains unchanged. Finally, in the case of Si/Al = 1, there is only one
asymmetric stretching mode (968 cm™") because there is only one unique Si—O—Al bridge
in the system, and two symmetric stretching bands (734 and 672 cm™'). Similarly, the
bending mode has not changed significantly for the aluminosilicate case, and one can see
the appearance of some bands in the far-IR region. Mozgawa et al.'* suggested that the
inclusion of one aluminum atom in a particular fragment of a zeolite framework would
cause the appearance of a Si—O—Al asymmetric stretching mode at a higher wavenumber
than in the all-silica version of that same fragment. However, as mentioned above, that
is not the case, and instead the Si—O—Al asymmetric (and symmetric) stretching modes
occur at lower (or equal) wavenumbers compared with Si—O—-Si ones. The reason for such
behavior stems from the fact that in a zeolite, T atoms (silicon and aluminum) have to form
tetrahedra with the oxygen atoms in the framework. Silicon, having four electrons in its
valence shell, has no difficulty in doing so. Aluminum, having only three valence electrons,
is forced to receive an additional electron from the framework. This makes the O—Al bond
weaker (and longer) than the O—Si bond, causing the occurrence of the former vibrational
mode at a lower wavenumber. Subsequent substitution of more silicon atoms with alu-

minum increases the negative charge on the framework, resulting in the red shift of both
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the asymmetric and symmetric stretching modes. Finally, as previously mentioned, the in-
clusion of aluminum does not produce a particular trend in the far-IR region (0400 cm™"),
which is associated with lattice vibrations and extra-framework sublattice vibrations. The
identifications of vibrations based on their visualizations are collected in Table 3.5.

For Si/Al ratios of 2, 3, and 5, which can have different distributions of aluminum, the
infrared spectra in all cases have the same shape (i.e., the same number of peaks in each
region); only the intensities vary with aluminum location at the same Si/Al ratio. Their IR
spectra are also presented in Figure 3.4.

Figure 3.5 shows the calculated Raman spectra of sodalite with varying aluminum con-
tent over the same range as Figure 3.3. For siliceous sodalite, the most intense Raman peak

occurs at 450 cm™!

, which can be classified both as Si—O-Si bending and ring vibrations.
The other intense band is at 172 cm™', which is from O-Si—O bending. The less intense
band at 301 cm™! can also be assigned to O—Si—O bending. The Si—O-Si symmetric
stretching mode occurs at 800 cm™!, and finally, the two peaks at 1094 and 1191 cm™" are
associated with asymmetric stretching. A similar pattern for the same types of vibrational
modes (v,s, V5, and 6) can be seen for the Raman spectra as well, that is, the inclusion of
aluminum does not affect the ring and bending vibrations in a recognizable manner, and
both asymmetric and symmetric stretching modes shift to lower wavenumbers as silicon
atoms are substituted with aluminum atoms. These results are also comparable to the find-

ings of Dutta et al., !>

who measured the Raman spectra of zeolite A (LTA framework) as a
function of the Si/Al ratio. The most intense band (450 cm™!) has not significantly changed,
whereas the bands at higher wavenumbers experience a red shift as aluminum is introduced
into the structure. The identification of each band in these spectra is also given in Table 3.5.

As with the infrared spectra, the shape of the Raman spectra within different configurations

for Si/Al ratios of 2, 3, and 5 is the same; their graphs can be found in Figure 3.6.

51



(43

Table 3.5. Results of the band identification in calculated spectra (cm™~!). Abbreviations: (IR), bands active for infrared; (R), bands active for Raman;

(B), bands active for both infrared and Raman.

Lattice and Ionic

R)

(R),971 (IR)

SYAL |\ Ring Vibrations|§ 0-Si-O |6 0-Al-O | Si-O-Si |6 Si-O-Al | v Si-O-Si | vs Si-O-Al | vy Si-0-Si | vas Si-O-Al
77 (R), 437(IR),|172 (R), 301 |- 437 (IR) |- 679 (R), 785 1191 (R),
Siliceous| 450 (R) (R), 450 (R) (IR), 800 1094 (IR),
(R) 1094 (R)
33 (IR), 66 (R), 169 [203 (R), 378 [203 (R), 294[378 (R), 450[203 (R), 434450 (R) 573 (IR), [573(IR), |1065 (IR), [1065 (IR),
(IR), 203 (R), 210 (IR)|(R), 434 (IR), |(IR), 378  |(R) (IR), 450 645 (R), 777638 (IR), |1114 (R), [1114 (R),
" 450 (R), 645  |(R), 434 (R) (IR), 789  [645 (R) 1180 (R), [1175(R)
(R) (IR), 450 (R) 1196 (IR),
(R) 1210 (IR),
1210 (R)
60 (IR), 60 (R), 106 [106 (IR), 200 434 (IR), 434 (IR), 434 (IR), [434(IR), [622 (R), 625[578 (IR), |1045 (IR), |1045 (IR),
(IR), 186 (IR), 200  |(R), 352 (R), K44 (R) 444 (R) 622 (R) 622 (R) (IR), 773 625 (IR), [1080 (R), |1080 (R),
5  |(R),278 (IR) 444 (R), 625 (R), 760  [760 (IR)  [1168 (R), [1168 (R)
(IR) (IR) 1189 (IR),
1194 (R)
58 (IR), 58 (R), 219 (R),270 [177 (IR), 270 (IR)  [437 (IR), K37 (IR),  [622 (R), 705[570 (IR),  |1020 (IR), [1020
177(IR), 219(R), 270 |(IR) 270 (IR), 449 (R) 449 (R), 617|(IR), 760|622 (R), 705|1063 (R),  |(IR),1063
3 |(IR) 437 (IR) (IR) (IR), 770  [(IR) 1140 (R), [(R), 1140
(R) 1160 (IR)  [(R), 1160
(IR)
46 (R), 112 (IR), 212 [112 (IR), 245 [112(IR), [282(IR) K440 (IR), [440 (IR), |614 (IR), [555 (R), 562[1042 (R), |1008 (IR),
(IR), 245 (R) (R), 282 (IR), [282 (IR), 453 (R), 612453 (R), 612|714 (R), 746|(IR), 614  |1109 (R), [1042 (R),
2 355 (R), 455  [455 (R) (R) (R) (IR), 761  |[(IR), 746  |1146 (IR), |[1146 (IR)
(R), 555 (R), (R) (IR), 761
555 (IR) (R)
25 (IR), 102 (IR), 168 [210 (IR), 297 [102 (IR), |[102 (IR), [432(IR) 432 (IR), |612 (R), 680/612 (R), 680[1073 (R), |988 (IR),
14 |0R), 179 (R),210  [(IR), 460 (R) [297 (IR), K60 (R) 460 (R) (IR), 733  |[(IR), 733  |1124 (IR), (999 (R),
(IR), 254 (R) 460 (R) (IR) (IR) 1124 R)  |1073 (R)
73 (IR), 94 (IR), 177 272 (R), 298  [272 (R), 298[272(R), 298 |- 428 (IR) |- 606 (R), 672 968 (IR),
| (R),215(R), (IR), 468 (R), |(IR), 468  |(IR), 468 (IR) 734 975 (R),
606 (R), 734 |(R) (R) (IR), 734 1059 (R)




So far, we have investigated the influence of aluminum and its distribution on the lattice
parameter and vibrational spectra of sodalite, and the results seem to indicate a consistent
trend. The next step in our study was to check our computations against experiments to
show the reliability of our results. We have compared our simulated vibrational spectra
for siliceous sodalite and sodalite with Si/Al = 1 with our experimental results. In the
next section, we will discuss our X-ray diffraction and IR spectroscopy results from our
experiments, and we will see why the comparison between simulated and experimental

results led us to explore defects in sodalite computationally.

3.4.2 Crystal Structure and Thermal Stability of Synthetic Sodalite

To ensure the synthesis of pristine sodalite, we randomized three synthetic parameters
(i.e., aging time, crystallization temperature, and crystallization time) based on synthesis
protocols available in the literature. We first characterized the synthesized samples using
X-ray diffraction (XRD). The XRD patterns of samples synthesized under all of the condi-
tions we studied are shown in Figures 3.7 and 3.8. Only some of the conditions described in
Table 3.2 yielded XRD patterns characteristic of sodalite; only materials with XRD patterns
consistent with sodalite will be discussed.

For siliceous samples, the XRD patterns suggest that aging times longer than 5 min
lead to the formation of non-sodalite phases: with the exception of sample 1-1440-175-21,
all syntheses that actually resulted in siliceous sodalite came from gels aged for 5 min.
We conclude that aging the reaction gel for too long may promote the nucleation of non-
sodalite crystals and/or the polymerization of organosilica species, ultimately leading to
the formation of other silica polymorphs. This observation is typical of the complexity of
solvothermal syntheses of zeolitic materials. Thermogravimetric analysis showed that the
siliceous sodalite powders are stable at temperatures up to 1000 °C. The average mass loss

is 5 = 2% (data not shown).
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Figure 3.4. Simulated infrared spectra of Si/Al ratios 5, 3, and 2 of sodalite from the top to the

bottom, respectively, as the amount of aluminum is increased. The notations are consistent with
Table 1.
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Figure 3.5. Theoretical Raman spectra of sodium bromide sodalites at various Si/Al ratios. Verti-
cal dashed lines are drawn at the peak locations in the siliceous (Si/Al — co) spectrum, and have
wavenumbers of 1191, 1094, 800, 450, 301, and 172 cm™!. Dash-dotted lines indicate the ap-
pearance of new peaks as aluminum is introduced and how that peak shifts to lower wavenumbers
gradually. The replacement of silicon by aluminum atoms likely causes variations in bond length,
bond strength, and polarizability, which leads to the observed trend. (a) siliceous, (b) Si/Al = 11,
(c) Si/Al = 5, (d) Si/Al = 3, (e) Si/Al = 2, (f) Si/Al = 1.4, and (g) Si/Al = 1.
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Figure 3.6. Simulated Raman spectra of Si/Al ratios 5, 3, and 2 of sodalite from the top to the
bottom, respectively, as the amount of aluminum is increased. The notations are consistent with
Table 1.
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Figure 3.7. X-ray diffraction patterns of all siliceous sodalites obtained from gels aged at various
times and crystallized under different conditions. The sample coding is consistent with Table 3.2.
Shorter aging times seem to promote the formation of pure sodalite powders.
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Figure 3.8. X-ray diffraction patterns of all the aluminosilicate sodalites obtained from gels aged
at various times and crystallized at different conditions. The sample coding is consistent with Ta-
ble 3.2.
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The protocol used to make aluminosilicate sodalite, in contrast to those to make the all-
silica variant, appears to be less susceptible to variations in the process variables studied

here.

3.4.3 Comparison of Experimental and Simulated Infrared Spectra
We characterized synthetic sodalite using Fourier transform infrared spectroscopy

(FTIR) with the intent to compare with the simulated spectra presented in Section 3.4.1.
Figures 3.9 and 3.10 show the FTIR spectra of siliceous and aluminosilicate synthetic so-
dalite powders, respectively, compared to the calculated (DFT) spectra. As shown in these
figures, DFT with this functional and pseudopotential accurately predicts sodalite’s vibra-
tional modes. The presence of smaller peaks in the experimental spectra, however, raised
further questions regarding the presence of various defects in the synthesized powders. For

example, the small peak around 870 cm™!

, present in almost all siliceous samples, can be
attributed to the presence of adsorbed water and/or hydroxyl groups in these samples. '
We explore this in depth in Sections 3.4.4 and 3.4.5.

A similar analysis is done for the spectra shown in Figure 3.10, except that only samples
that matched the XRD pattern for sodalite are considered. In Figure 3.10, experimental
absorbance spectra of aluminosilicate sodalite samples are shown above the DFT-predicted
spectrum. These data show that simulations are able to predict the main symmetric and
asymmetric stretching modes with very high accuracy. As observed in the spectra of the
siliceous materials, there appears to be a substantial broadening of the peak associated with
asymmetric stretching of Si—O—Al groups. In addition, as can be seen in Figure 3.10, both
the symmetric stretching and bending modes of Si—O—Al bonds exhibit peak splitting in
the experimental spectra. This may also be due to crystal defects and/or adsorbed water. In

both Figures 3.9 and 3.10, as well as in subsequent figures, the left panel shows the higher

frequency region of each spectrum. This high-wavenumber part of the spectrum, along with
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Figure 3.9. Comparison of the calculated infrared absorbance spectrum of defect-free siliceous
sodalite from DFT with siliceous sodalite synthesized under several conditions (see Table 3.2).
DFT calculations accurately predict the absorbance peaks, which are denoted with dashed lines:
(@) vas Si—0-Si, 1094 cm™!; (b) v Si—O-Si, 785 cm™'; (c) 6 Si—O—-Si, 437 cm™!. The left panel
shows the OH stretching region. Data in both the OH and framework regions have been translated
vertically by the given amount to avoid overlap.
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Figure 3.10. Comparison of the calculated infrared absorbance spectrum of defect-free alumi-
nosilicate sodalite with Si/Al = 1 from DFT with aluminosilicate sodalite samples synthesized
under several conditions (see Table 3.2). The dashed lines denote the DFT-calculated absorbance
peaks, (a) vas (Si—O—Al), 968 cm™!; (b) v, (Si—-O-Al), 734 cm™!; (c) v (Si—-O-Al), 672 cm™!;
(d) 6 (Si—O—Al), 428 cm™!. The left panel shows the OH stretching region. Data in both the OH
and framework regions have been translated vertically by the given amount to avoid overlap.
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Figure 3.11. Schematic showing bonds broken by hydrolysis of one O—T bond, thereby introduc-
ing two OH groups into the framework for (a) siliceous and (b) aluminosilicate sodalite. Crosses
indicate the bond that is broken, at which the defect is introduced. The OH defects are inserted on
both sides of the deleted oxygen atom. The picture shows the projected view of the sodalite cage;
only one bond is broken.

the framework region, is also informative in terms of identifying the the types of defects

(e.g., adsorbed water, hydroxyl groups), which will be discussed in detail in Section 3.4.5.

3.4.4 Simulations of Hydroxyl Groups in Sodalite

The extra peaks in the measured infrared spectra (Figures 3.9 and 3.10) led us to intro-
duce hydroxyl groups (OH) into the sodalite structure, such as would occur by incomplete
bond formation or hydrolysis of an O—Si or O—Al bond. Two classes of defects were con-
sidered: single-water addition, which results in two OH groups and one broken O-T bond;
and double-water addition, which results in four OH groups and two broken O—T bonds.

In the single-water case, we removed an oxygen atom between two tetrahedral atoms
(T-atoms) and instead placed a hydroxyl group next to each T-atom, as shown in Fig-
ure 3.11. In the double-water case, we removed two oxygen atoms between two possibly-
overlapping pairs of tetrahedral atoms. This results in the configurations shown in Fig-
ure 3.12. For the configuration in Figure 3.12a in materials with Si/Al = 1, there are two
inequivalent configurations, which are shown in Figures 3.12¢ and 3.12f.

The procedure to obtain the vibrational spectra for these types of calculations was the

same as that of the defect-free ones discussed earlier. When it comes to including hydroxyl
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a sodalite cage. Vertices represent tetrahedral atoms; those labeled “T” are silicon atoms in the
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groups in zeolites, one can propose different initial geometries as the starting configuration
for the geometry optimization. However, in order to be confident as to the minimum-energy
configuration, we compared each of our trials’ total energy with the total energy of a so-
dalite unit cell containing adsorbed water molecules. According to available experimental
data,? the water molecule can be adsorbed either inside or outside the sodalite cage in our
one-unit-cell calculations, and there are four possible water molecule locations both inside
and outside the cage. For the double-water situation, two locations for the water molecules
were considered in our calculations: (i) both water molecules inside the cage, (ii) both water
molecules outside the cage, and (iii) one water molecule inside and one outside the sodalite
cage. This energy analysis allowed us to exclude final (geometry-optimized) configurations
that were significantly different in total energy from the water—sodalite composites or those
that significantly deformed and did not retain the shape of the sodalite framework. Most
of the configurations, regardless of whether they included two or four hydroxyl groups,
resulted in either dehydration (either inside or outside the cage) or configurations similar
to those shown in Figure 3.13. For example, in the case of two OH groups in both siliceous
and aluminosilicate sodalite, the defects can form a disilanol group (Figure 3.13a) and/or
a water molecule inside or outside the sodalite cage. For the inclusion of four OH groups,
the outcome can be both of the configurations in Figure 3.13 and/or dehydration, depending
where the defect is introduced. These results are also in agreement with findings of Sokol
et al.'*! Table 3.6 shows the outcome of each of the configurations in which the defects
were introduced as well as their lattice parameters. The last column in Table 3.6 is a label

that denotes each compound’s infrared spectrum in the subsequent figures.
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Figure 3.13. Schematic of possible final configurations of sodalite having hydroxyl defects. (a) dis-
ilanol groups and (b) nested silanol groups. Black dashed lines represent hydrogen bonds. Those
hydrogen atoms that have no dashed lines are hydrogen bonded with other neighboring atoms in a
three-dimensional fashion.
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Table 3.6. Summary of simulation results for siliceous and aluminosilicate sodalite with and without defects.

Si/Al, #OH, bond®  Cell Volume (A®) a(A) b(A) cA) a(®) B y() Outcome’ Spectrum®

00 663.511 8.722 8722 8722 90.00 90.00 90.00 - 3.14a

oo (expt. 139) 687.764 8.827 8.827 8.827 90.00 90.00 90.00 - -

00, 20H, 3.11a 608.055 8.661 8.112 8660 91.04 8836 91.01 Fig. 3.13a 3.14b

0, 20H, 3.11a 678.848 8.797 8774 8796 90.22 90.55 90.21 water/outside 3.14c¢ (black)
00, 20H, 3.11a 672.114 8.764 8.752 8.764 90.76 90.30 90.23 water/outside 3.14c (green)
00, 20H, 3.11a 662.200 8.725 8707 8.719 89.04 90.72 89.13 water/inside 3.14d (black)
0, 40H, 3.12a 664.627 8.736 8.761 8.696 9220 88.18 90.85 Fig.3.13b+ water  3.15b (black)
o0, 40H, 3.12a 654.377 8.691 8.694 8673 9133 88.68 9245 *2water 3.15b (green)
o0, 40H, 3.12b 633.433 8408 8724 8.654 89.08 91.34 8671 Fig. 3.13ax2 3.15¢ (green)
o0, 40H, 3.12b 669.029 8.756 8.729 8.756 89.83 91.11 89.79 *2 water 3.15¢ (black)
o0, 40H, 3.12¢ 645.589 8.800 8.614 8555 90.65 85.76 86.74 Fig.3.13b+ water  3.15d (black)
o0, 40H, 3.12¢ 599.124 8492 8.096 8738 9229 8843 87.00 *Fig.3.13a+ water 3.15d (green)
o0, 40H, 3.12d 580.731 8208 8.652 8.177 90.00 89.67 89.99 Fig.3.13ax?2 3.15¢ (green)
o0, 40H, 3.12d 580.198 8.094 8.840 8.118 8835 90.35 92.15 *2 water 3.15¢ (black)
1 671.301 8.756 8.756 8.756 90.00 90.00 90.00 - 3.16a (black)
1 (expt.'®) 700.700 8.882 8.882 8.882 90.00 90.00 90.00 - -

1,20H, 3.11b 682.581 8.696 8854 8.868 8921 9133 91.12 Fig. 3.13a 3.16b (black)
1,20H, 3.11b 684.198 8.815 8.823 8798 89.51 89.64 89.42 water/outside 3.16¢ (black)
1,20H, 3.11b 678.140 8.778 8.848 8.732 89.80 89.80 89.47 water/outside 3.16¢ (green)
1,20H, 3.11b 678.748 8.696 8815 8.854 89.41 9045 89.71 water/inside 3.16d (black)
1,20H, 3.11b 679.127 8.722 8.802 8.848 89.42 90.50 89.71 water/inside 3.16d (green)
1,40H, 3.12¢ 800.902 9339 9.161 9.363 89.92 90.99 89.31 2 water 3.17b (black)
1, 40H, 3.12f 795.986 9324 9218 9261 9027 90.50 90.19 Fig.3.13b + water  3.17b (green)
1, 40H, 3.12b 688.295 8.855 8954 8.681 89.66 89.68 87.69 2 water 3.17¢ (black)
1, 40H, 3.12¢ 694.741 8.956 8.808 8.808 90.49 90.03 89.97 2 water 3.17d (black)
1,40H, 3.12¢ 681.340 8.756  9.016 8.632 90.00 90.00 89.30 2 water 3.17e (black)

“The third entry in this column is the figure showing which bond(s) is/are broken. Multiple entries with the same label are
slightly different initial geometries that relaxed to different entries.

bFinal state after geometry optimization; the one with an asterisk (*) is (slightly) lower in energy than the other outcome
with the same broken bonds.

“Corresponding infrared spectrum shown in Figures 3.14-3.17.



As can be seen in Table 3.6, the number of final geometries in the siliceous form is
greater than the number of aluminosilicate geometries. In general, introducing defects that
result in the formation of water tends to increase the cell volume compared to the defect-
free material. In the rest of this section, we will compare the infrared spectra of defect-free
sodalites (both siliceous and aluminosilicate) with those we acquired in Table 3.6 from
our calculations to check the validity of our aforementioned hypothesis: whether or not
the presence of adsorbed water and/or hydroxyl groups would cause the substantial peak
broadening in the asymmetric stretching region and appearance of additional peaks in the
infrared spectrum from experiments.

Figure 3.14 shows a comparison of infrared spectra between defect-free siliceous so-
dalite and siliceous sodalite containing two OH groups; the wavenumbers of each band
are written above or below the associated peak. The reason why wavenumbers from 400-
1300 cm™! are shown is to be consistent with our experimental results, which are taken in
KBr (opaque to infrared radiation below ~ 400 cm™). As shown in Figure 3.14, the three
major peaks (v,; Si—O-Si, vy Si—O-Si, and 6 Si—O-Si) are still obvious, even with the
inclusion of the defects. Nevertheless, these defects have impacted the infrared spectra to
some extent. It is only in Figure 3.14b that a disilanol group exists in the final structure
(Figure 3.13a), and this is the only one of the calculations we ran that relaxed to a struc-
ture with two hydroxyl groups without the formation of water. For the rest of this section,
we will only discuss the details of the peaks that are generated because of the existence
of defect(s), though there are slight changes in the peaks found in the intact framework as
well. Those peaks that are within the region of the dashed red lines have been discussed in
Section 3.4.1.

Considering Figure 3.14b in the asymmetric stretching region (900-1300 cm™!), the in-
clusion of the defect has caused the appearance of an additional peak at a higher wavenum-
ber (1181 cm™!), which originates from both Si—O-Si asymmetric stretching and O-H

bending, and an additional peak at a lower wavenumber (994 cm™!), which also results

67



d)

I X ||

589
‘430‘&'

Absorbance

638
529

=

4000 3500 3000 1200 1000 800 600 400

Wavenumber (cm_l)

Figure 3.14. Simulated infrared spectra of siliceous sodalite with two OH defects present. The three
major peaks (v4 Si—O—Si at 1191 cm™!, v, Si—O-Si at 785 cm™!, and 6 Si—O-Si at 437 cm™!)
are denoted in the defect-free siliceous case by red dashed lines, which guide the eye to see the
changes from defect-free siliceous sodalite (a). Labels (b), (c), and (d) correspond to systems from
Table 3.6. The left panel represnets the higher wavenumbers to show the OH stretching region
from the simulations. The green spectrum refers to an alternative configuration of structure (c), as
identified in Table 3.6.
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from Si—O-Si asymmetric stretching. The peak at 846 cm™! is from Si—OH stretching in
the disilanol ring, and the rest of the peaks at 710, 606, and 534 cm~' are O—H bending
modes. The spectra in Figures 3.14c and 3.14d are similar to one another; the peak at the
highest wavenumber is also coming from Si—O-Si asymmetric stretching, and the addi-
tional peak(s) between the bending and symmetric stretching modes (400-800 cm™') are
from OH bending modes. The only vibrational mode that differs between Figures 3.14b
and 3.14c is the Si—OH stretching mode, which is only present in Figure 3.14b.

Figure 3.15 shows a comparison of the IR spectrum of defect-free siliceous sodalite
with the spectra of siliceous sodalite with four OH defects present. The labels for each
graph are also consistent with Table 3.6, and as seen in Figure 3.15, there are two possible
outcomes (black and green) for each of the four defect configurations that we introduced
at the beginning of Section 3.4.4. Those spectra that have been affected the most have fi-
nal geometries similar to that shown in Figure 3.13, whereas those that are least affected
are the ones that resulted in dehydration of the defect, leaving adsorbed water. The same
conclusion that was drawn regarding Figure 3.14 for the assignments of bands between
the three major regions still applies to Figure 3.15. However, there is one additional band
that occurs at a relatively higher wavenumber (1240-1295 cm™!), which is associated with
OH bending. The inclusion of four OH defects impacted the asymmetric stretching mode
more significantly (i.e., splitting the asymmetric stretching mode and/or shifting it to lower
wavenumbers) compared to the sodalites containing two OH groups. For example, in Fig-
ure 3.15e (green lines), which has a double disilanol defect, we observe more new peaks
than in all other spectra.

Figures 3.16 and 3.17 show spectra for the aluminosilicate versions of the materials
whose spectra are shown in Figures 3.14 and 3.15. In Figure 3.16, only case (b) resulted
in the formation of a disilanol group, which caused the appearance of additional peaks at
1136, 770, and 620 cm™!; these peaks are associated with Si—O—Si asymmetric stretching,

Si—OH stretching, and OH bending modes, respectively. Figures 3.16¢c and 3.16d have
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Figure 3.15. Simulated infrared spectra of siliceous sodalite with four OH defects present. The three
major peaks (v,s Si—O—-Si at 1191 em™!, vg Si—0-Si at 785 cm™! and 6 Si—O-Si at 437 cm™!) are
denoted on the defect-free siliceous case and the red dotted lines are to guide the eye to see the
changes from defect-free siliceous sodalite (a). Labels (b), (c), (d), and (e) correspond to systems
from Table 3.6. The left panel shows the OH stretching region. The green spectra refer to alternative
configurations, as denoted in Table 3.6.
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Figure 3.16. Simulated infrared spectra of aluminosilicate sodalite with two OH defects present.
The three major peaks (v, Si—O—Al at 968 cm™!, v Si—-O—Al at 734 and 672 cm™!, and § Si—O-Al
at 428 cm™!) are denoted in the defect-free aluminosilicate case by red dotted lines, which guide
the eye to see the changes from defect-free aluminosilicate sodalite (a). Labels (b), (c), (d), and (e)
correspond to systems in Table 3.6. The left panel shows the OH stretching region. The green
spectra refer to alternative configurations, as denoted in Table 3.6.
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the same peaks as in Figure 3.14a, and the additional peaks from Si—O-Si asymmetric
stretching (1087 cm™!) and O—H bending (522 cm™!). The same trends are evident in
Figure 3.17 for the introduction of four OH defects. In Figure 3.17b (black line), which
resulted in the formation of two water molecules, this effect has caused the appearance
of one band at 1085 cm™!, which is associated with Si—O—Si asymmetric stretching; and

1

one at 895 cm™, which is associated with both Si—O-Si asymmetric stretching and O-H

bending. Figures 3.17c—e are quite similar; the additional peaks in the range 400-800 cm™!
are O—H bending modes.

Adsorbed water and/or hydroxyl groups are not the only types of defects one could
model for the calculation of the vibrational spectra of these materials. The substantial peak
broadening in the asymmetric stretching region and the additional peaks between the bend-
ing region and the symmetric stretching region in the experiments led us to study whether
or not those observations can be explained by the inclusion of the aforementioned defect(s)
in our model. Our results have shown that the asymmetric stretching modes associated
with Si—O-Si bridges are very sensitive to the inclusion of non-framework species. This
band can be either shifted to higher or lower wavenumbers upon the inclusion of defects,
depending on both the number and configuration of defects. In addition, upon the inclu-
sion of defect(s), additional peak(s) in the Si—O—Si asymmetric stretching region appear at
higher wavenumbers. Those defects that did not result in adsorbed-water outcomes in the
simulations also show additional peaks in the range 800-950 cm™! associated with Si—OH
stretching. Symmetric stretching and bending modes are less strongly affected, and their
wavenumbers can experience both red and blue shifts. In the end, O—H bending modes ap-
pear mostly in the 400-800 cm™! range for all of the configurations we studied, with some
geometries producing another O—H bending mode in the Si—O-Si asymmetric stretching

region. The OH stretching mode will be discussed in the following section.
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Figure 3.17. Simulated infrared spectra of aluminosilicate sodalite with four OH defects present.
The three major peaks (v,s Si—O—Al at 968 cm™!, v, Si—O—Al at 734 and 672 cm™', and § Si—-O—-Al
at 428 cm™!) are denoted on the defect-free aluminosilicate case by the red dotted lines, which guide
the eye to see the changes from defect-free aluminosilicate sodalite (a). Labels (b), (c), (d) and (e)
correspond to systems in Table 3.6. The left panel represents the higher wavenumbers to show the
OH stretching region from the simulations. The green spectrum refers to an alternative configuration
of structure (b), as denoted in Table 3.6.
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3.4.5 The OH Stretching Region and Possible Defects

The defects that we introduced in our DFT supercell varied from hydroxyl groups in
several configurations to adsorbed water molecules. It is worth mentioning that in order
to be able to detect which types of defect are prevalent in our experiments, one needs to
combine the information from the OH stretching region (usually 3000—4000 cm™') and the
framework region together. !4!4* Band assignments in the OH stretching of Figures 3.14—
3.17 can be found in Table 3.7. These bands, for the most part, are associated with
OH stretching in adsorbed water molecules (both asymmetric and symmetric) and silanol
groups. However, when it comes to interpretation of the OH stretching region in experi-
mental infrared spectra, there are some crucial factors to be aware of. The OH stretching
frequency is very sensitive to the geometrical environment in which the OH bond (present
in the defect) is involved. For instance, the higher the strength of the hydrogen bond inter-
action (e.g., hydrogen bonding between a silanol group and an adsorbed water molecule),
the lower the OH stretching frequency. '** However, as this interaction is removed (e.g.,
by reducing the water content via degassing at high temperature), the band associated with
OH stretching shifts to higher wavenumbers.!*> Since our experimental IR spectra were
not measured in vacuo at high temperature, it is difficult to be certain as to which types of
defects are present because of H-bonding (of the defects) with their surroundings (mainly
with water molecules and/or framework oxygen). In other words, if the possible defect is
a silanol group, the band associated with its OH stretching mode might be masked by the
vibrations of OH in adsorbed water molecules.

Based on the results from DFT, the range over which the vibrations of adsorbed water
molecules occur is between 3495-3730 cm™! for siliceous sodalite (Figure 3.18). Most of
the bands present in our samples (Figure 3.9) also fall into this region, which confirms the
presence of adsorbed water. However, the presence of a well-defined shoulder at approxi-
mately 3430 cm™' could indicate silanol defects or surface silanol groups in those samples.

This can be explained by comparison with the band assignments from the DFT results
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Table 3.7. Band assignment of the OH stretching region of Figures 9, 10, 11, and 12 in the main
document. v and v, stand for symmetric and asymmetric stretching modes, respectively for water
molecule. The notation W is for when the vibraitonal mode is caused by the presence of adsorbed
water molecule in the system, whereas Hb indicates that the vibration is due to hydrogen bond of
the hydroxyl group/adsorbed water with the oxygen framework. T stands for the tetrahedral atom.

silanol+W, 3265
silanol+W

Figure . ] . .
Spectrum Figure 9 Figure 10 Figure 11 Figure 12
Spectrum b Black 3330 disilanol OH (2610 silanol OH 2803 T-OH stretching, (3186 Hb, 3230 Hb,
b stretching stretching, 3179 3678 T-OH stretching 3392 Hb

Spectrum b Green

3550 W-vy, 3627
W'Vus

2579 W+Hb, 3272
T-OH stretching, 3335
aluminol OH
stretching, 3525
'W+Hb

Spectrum ¢ Black

3540 W-vg, 3620
W-v,s

3495 W+Hb, 3553
W-vy, 3640 W-v,5,
3730 W+Hb

3198 W-v,, 3401
W-v,¢

3182 W-v,, 3261
W-vg, 3396 W=y,

Spectrum ¢ Green

3560 W-v, 3642
W'Vas

3417 double disilanol
OH stretching, 3516
double disilanol OH
stretching, 3649
double disilanol OH
stretching

3246 W-v;, 3595
W'Vas

Spectrum d Black

3502 W-vg, 3730
W'Vas

2568 silanol+W, 3088
silanol+W, 3430
W-vs

3161 W-vy, 3359
W'Vas

3213 W-v,, 3429
W'Vas

Spectrum d Green

2533 disilanol+W,
3127 disilanol, 3370
W-v,q, 3662 W-v,

3179 W-vy, 3333
W-vgs

Spectrum e Black|

3508 W-v,, 3591
W-v,s

3098 W-vy, 3480
W-v4s

Spectrum e Green

2945 double disilanol
OH stretching, 3626
double disilanol OH
stretching
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Figure 3.18. Magnified view of the experimental infrared spectra of sodalite in the OH stretching
region. The left figure, (a), represents the siliceous sodalite and the right figure, (b), represents
aluminosilicate sodalite.
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(Table S2). The presence of such defects is also in agreement with the work of Hong et
a], 146

As seen in Figure 3.10, there is only one band in the OH stretching region for the alumi-
nosilicate materials. This band falls in the water stretching range and confirms the presence
of adsorbed water molecules in the samples. In addition, our DFT results also confirm that
the most probable outcome when introducing defects in aluminosilicate sodalite is adsorbed
water. This is also in agreement with the findings of Hong et al.,'*® who they found that
the presence of SiO~ defects in aluminosilicate sodalites, synthesized similar to our pro-
cedure, is very minimal. Therefore, comparing the simulated vibrational spectra of these
defect-induced sodalites with our experiments, we conclude that the likelihood of having
silanol defects in siliceous sodalites as synthesized with these procedures is high, and that

as the Si/Al ratio drops, the density of such defects is significantly reduced.

3.5 Conclusions

We have studied the effect of aluminum content and its distribution on the vibrational
spectroscopy (infrared and Raman) of sodalite (SOD framework) using density functional
theory (DFT) with periodic boundary conditions. We simulated all possible Si/Al ratios
that sodalite can have in a single-unit-cell calculation, namely 1, 1.4, 2, 3, 5, 11, and oo
(pure silica). We found a particular trend in both infrared (IR) and Raman spectra: as
aluminum is introduced (Si/Al ratio decreases), the normal modes associated with asym-
metric stretching vibrations shift to lower frequencies. In addition, for all intermediate
Si/Al ratios (1.4 to 11), this asymmetric stretching mode splits into two peaks. The peak
with the higher wavenumber, contrary to our intuition, is associated with Si—O-Si asym-
metric stretching modes, whereas the one with the lower wavenumber is associated with
both Si—O-Si and Si—O-Al asymmetric stretching. A similar trend was also observed
for the symmetric stretching modes, which also shift to lower wavenumbers as the Si/Al

ratio decreases. However, the inclusion of aluminum does not have a significant effect on
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the bending modes in the IR spectra. There is more complexity to the spectra for both
infrared and Raman in the lattice region vibrations (< 400 cm™!) because of the presence
of extra-framework cations and anions and their complex influence on lattice vibrations.
We compared our simulated infrared spectra of sodalite with Si/Al ratios of unity and
infinity with experimental data. In both cases, they are in good agreement in terms of
predicting the three major modes. Moreover, we have experimentally determined that ag-
ing the reaction gel for shorter times appears to favor the formation of pure siliceous so-
dalite powders, while longer aging times lead to the formation of other materials, which
are likely blends of sodalite and other crystalline silicates. The other synthetic parameters
evaluated here (crystallization time and temperature) do not seem to have a role in deter-
mining the solvothermal synthesis product. Aluminosilicate sodalite powders, in contrast
to the siliceous synthesis methods, are readily obtained using the protocol of Stein, !** with
the minor variations in the synthesis conditions explored here having little effect on the
final product. Variations in aging time, crystallization time, and crystallization tempera-
ture, given that the resulting material is still sodalite, do not seem to influence the infrared
spectra of either aluminosilicate (Si/Al = 1) or siliceous (Si/Al — oo) forms of sodalite.
As evidenced by the comparison of calculated spectra with experimental data, density
functional theory calculations are able to predict sodalite’s major vibrational modes accu-
rately. However, the presence of some additional peaks in the measured spectra brought
up the question of whether they could be explained by introducing framework defects.
We introduced hydroxyl groups (OH) in our computational model, as they are unavoid-
able defects in zeolites. The possible outcomes of the inclusion of such defects, based on
our calculations, vary from healing the structure to forming adsorbed water to hydrogen-
bonded disilanol groups. In order to be able to explore the effects of several defects on
the vibrational spectra, we compared the results from DFT and experiments not only in the
framework region but also in the OH stretching region. It has not escaped our notice that

measuring the infrared spectrum in-situ at high temperatures would evaporate adsorbed wa-
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ter and would make the interpretation of infrared spectra easier in the OH stretching region.
However, with the help of our DFT calculations, the presence of additional peaks, as well
as the broad peak in the asymmetric stretching region, can be explained by the presence of
Si—OH groups and/or adsorbed water. These findings contribute to an ever-growing knowl-
edge base of vibrational spectroscopy in the zeolite community, and provide a foundation
for practical applications such as humidity sensors.

In the next chapter we explore the effect of extra-framework ions on the vibrational

spectra of zeolites.
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CHAPTER 4

CALCULATED INFRARED AND RAMAN SIGNATURES OF Ag™,

Cd**, Pb**, Hg**, Ca**, Mg?*, AND K* SODALITES

This chapter was largely published as Ref. 147, an article in Microporous and Mesoporous
Materials. The authors of that article are Amir M. Mofrad, Parker Schellenberg, Caio

Peixoto, Heather K. Hunt, and Karl D. Hammond from the University of Missouri.

4.1 Summary

This chapter explores the potential of vibrational spectroscopy, an inexpensive analysis
technique, for the purpose of detecting of heavy metals in water using sodalite. Compu-
tations via density functional theory of the infrared and Raman spectra of anion-free so-
dalites that have been exchanged with lead (II), cadmium (II), and mercury (II) ions predict
a peak in the 850-880 cm™' range in both the infrared and Raman spectra that is char-
acteristic of anion-free sodalites that have been exchanged with these three heavy metal
cations. This peak is distinguishable from the infrared spectra of anion-free sodalites that
have been exchanged with potassium, magnesium, and calcium ions, which are naturally
present in drinking water. Unfortunately, no peak in this range exists for chloro-, bromo-,
or hydroxy-sodalites, and peaks in this range may be masked by the presence of magne-
sium hydroxysodalites, which would be expected to form in water testing applications. In
addition, the signal-to-noise ratio is likely too low to provide a useful test for heavy metal

contamination at the levels required for municipal water testing.
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4.2 Introduction

The release of heavy metals into soil and water is a worldwide environmental con-
cern.'*® Heavy metals tend to accumulate in the soil and in living organisms, causing
health problems that affect the kidneys, the central nervous system, blood cell production
(hematopoiesis), and the gastrointestinal tract.'*® The World Health Organization (WHO)
recommends extremely low thresholds for acceptable levels of heavy metal cations in drink-
ing water (2—15 ppb, depending on the metal type). !>*-152 Consequently, many efforts have
been made to improve existing methods for removal of such contaminants. Electrochemical
treatment, adsorption, reverse osmosis, and ion exchange have all been utilized to capture
heavy metal ions from water. !%3-15¢ Chemical and electrochemical treatments, as well as
reverse osmosis methods, have been shown to reduce the concentrations of heavy metals
significantly, but only when ion concentrations are high (i.e., above 500 mg/L). 5”138 The
major drawback of using these methods, particularly reverse osmosis, is their immense
power consumption for pumping, as well as the expense involved in producing the mem-
branes. !> Conversely, ion exchange by zeolites has been shown to be more efficient at
removing heavy metal ions from water at all concentrations, both in terms of cost and ion
removal capacity. 5115

Zeolites are porous aluminosilicate materials used for a variety of industrial processes,
such as gas separation, ion exchange, and catalysis.”!*" In zeolites with a one-to-one ra-
tio of silicon to aluminum (Si/Al = 1), alternating Si0, and AlO, tetrahedra (according
to Lowenstein’s rule!?) are linked together in a way that creates a three-dimensional net-
work with channels and/or pores of uniform sizes. There are, to date, 248 unique zeolite
framework topologies that occur naturally and/or synthetically.? Sodalite (framework code
SOD), whose structure was determined about 80 years earlier than any other zeolite, 10!
is one of the simplest and most symmetrical frameworks. Because of its cage-like struc-
ture, it can host a regular array of well-defined nanoclusters, which would result in the

creation of sodalite-based materials with potentially useful catalytic, magnetic, optical,
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vibrational, and electronic properties.'%>!9 For instance, optical applications of sodalite
date from the 1970s, when photochromic and cathodochromic sodalites were used for in-
formation storage and filter optics.'*!%* Sodalite has also been modified to function as a
catalyst in base-catalyzed reactions.'®> In all applications of sodalite—as with zeolites in
general—synthesis and characterization techniques are important to ensure the materials
have consistent and known physical and chemical properties.

Spectroscopic techniques, particularly infrared and Raman, are often used in the char-
acterization of zeolites.'®® These techniques can identify characteristic vibrations associ-
ated with secondary building blocks (SBU), extra-framework cations, and lattice vibra-

166-189 Tn particular, we anticipate there will be a measurable difference in the IR or

tions.
Raman spectrum of sodalite that has been exposed to heavy metal cations compared with
the natural (sodium) form. Unfortunately, due to the structural complexity of zeolites, in-
terpretation of experimental vibrational spectra is often troublesome and relies heavily on
supposition. !” Computational tools are therefore helpful in obtaining more accurate insight
into the spectroscopic properties of zeolites.

Computational vibrational spectroscopy based on density functional theory (DFT) can
be helpful in interpreting zeolite vibrational spectra.?%4!42193 Fyrthermore, thanks to ad-
vancements in computing, the prediction of vibrational frequencies in zeolites has become
feasible. Due to the presence of finite-size effects, employing periodic boundary condition
(PBC) calculations provides better agreement between experiments and simulations than
non-periodic cluster calculations.*

This study investigates the sensitivity of computational vibrational spectroscopy for
the purpose of detecting ion exchange levels in sodalite. We hypothesize that infrared
and/or Raman spectra of either partially or completely ion-exchanged anhydrous sodalite
are capable of detecting the presence of contaminants such as Cd**, Pb*", and Hg>" in the
presence of other cations that are normally present in water, such as sodium, potassium,

magnesium, and calcium.
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We start by comparing the experimental and calculated infrared spectra of sodium
chlorosodalite—that is, [NagCl,|[SigAl;O,,]-SOD, which is the composition of naturally-
occuring sodalite—and the equivalent bromide form, [NagBr,|[Si;Al;O,,]-SOD, as well as
the infrared spectra of chlorosodalites exchanged with silver, cadmium, and lead ions. We
then examine the computed infrared and Raman spectra of anion-free sodalite, having for-
mula |[Nag|[SigAl;O,,]-SOD, and hydroxysodalite, [Nag(OH),|[SizAl;O,,]-SOD, as well as
the same materials exchanged with heavy metal cations. We also consider the effects of
exchange of ions normally present in water, including potassium, magnesium, and calcium
ions.

The chloro- and bromo-sodalites do not show a distinct “signature” of heavy metal
exchange, nor do the hydroxy-sodalites. However, the anion-free sodalites show a charac-
teristic additional peak in the 850—-880 cm™!, which appears to be diagnostic of the presence
of lead, cadmium, and/or mercury. Unfortunately, this peak is not expected to be particu-
larly prominent in the experimental spectrum, and its presence may also be masked by the
presence of magnesium ions: magnesium ions show a similar peak for hydroxy-sodalites,
though not in anion-free sodalites. While the Raman spectrum could, in principle, be able
to distinguish between these two scenarios, the practicalities of infrared and Raman spec-
troscopy combined with the relatively weak intensity of these peaks strongly suggest that
vibrational spectroscopy will not be a viable method of detecting lead or other heavy metals

in zeolites at the relevant concentrations.

4.3 Notation and Methodology
4.3.1 Simplified Notation
Natural sodalite is predominantly [NagCl,|[SicAl;O,,]-SOD. Due to numerous possible

variations that can occur when synthesizing sodalite, a variety of compositions can result
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Figure 4.1. The structure of a partially-lead-exchanged sodalite (SOD framework). Spheres are
drawn with a radius half the value of either the ionic radius (Br~, Na*, Pb>*) or the covalent radius
(Al, Si, O). Sodalite has a simpler structure, higher degree of symmetry, and smaller number of
atoms per unit cell than most other zeolites.

that follow the general formula'”

IM7 X I[Si12-2AL,024(H20)0-5]-SOD, 4.1)

where gm — rx = n and n < 6. Figure 4.1 shows a bromosodalite partially exchanged with
lead (II) ions (it should be noted, as we will discuss later, that this structure does not exhibit
a definitive “signature” in the vibrational spectra). In Equation 4.1, silicon and aluminum
are the framework atoms; because they form tetrahedra with bridging oxygens, they are
called T-atoms. The aluminum atoms that impart negative charges to the framework are
compensated for by extra-framework sodium. Due to the presence of two bromide ions
(or other anions), there need to be two more sodium cations per formula unit than required

by the framework charge itself to neutralize the whole crystal. Therefore, in a sodalite

84



unit cell, there are eight sites available for monovalent cations and two sites available for
monovalent anions. Additionally, as shown in Figure 4.1, the SBUs in the SOD framework
are six single-four-membered rings (S4R) and eight single-six-membered-rings (S6R) per
sodalite cage (the truncated octahedron in Figure 4.1). The cationic positions are located at
the center of the S6Rs, behind or in front of the plane of the ring. The standard notation '
for sodalites with Si/Al = 1, the only Si/Al ratio studied herein, would always contain the

group [SicAl;O,,]; we instead adopt the following shortened notation for convenience:

IC.A,l-SOD < |C.A,|[Si;Al,O,,]-SOD, 4.2)

where C refers to the cation and A refers to the anion. In the case of partial cation exchange,
two cation symbols are used. For example, [NagBr,|-SOD refers to [NagBr,|[SigAlO,,]-
SOD, |Ca;|-SOD refers to anion-free |Ca;|[SigAl;O,,]-SOD, and [Na,Pb|-SOD refers to
partially-lead-exchanged, anion-free sodalite, [Na,Pb|[SicAl;O,,]-SOD. If there are no
aluminum framework atoms present in the unit cell, it is referred to as siliceous sodalite,
[Si,,0,,]-SOD, which is the simplest and most symmetrical of all zeolitic materials.

In the case of divalent cations (e.g., Ca2+), it is necessary to iterate over all possible
combinations of cation sites to find the minimum-energy configuration. From the point
of view of theory, choosing anhydrous sodalite (|[Nag|-SOD) over anion-bearing sodalite
(INagCl,|-SOD) has two advantages: (i) the number of simulations to span all unique pe-
riodic unit cells is smaller in the anhydrous sodalite case than in the anion-bearing case;
(i1) the cell volume of anhydrous sodalite is larger, which in principle means it might in-

corporate guest species more easily.

4.3.2 Electronic Structure Calculations
The crystal structure was generated with the P43n space group (no. 218) as Felsche et
al.'" and Hassan et al.'” suggested. The parent compound was the sodium form, |Nay|-SOD,

and we based our analyses of the ion-exchanged materials on this parent crystal.
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44,110

Electronic structure calculations were performed within the DFT formalism using

115,116 and the local density approximation (LDA)!!0-114

norm-conserving pseudopotentials
as implemented in Quantum ESPRESSO.>° The reason why we chose norm-conserving
LDA was primarily because the current version of Quantum ESPRESSO computes Raman
frequencies only at this level of theory. Moreover, our previous work*! showed that this
set of pseudopotentials with the LDA gives reasonable IR and Raman results that agree
reasonably well with experiment. We found that energies were converged with respect to
basis set using a plane-wave cutoff energy of 80 Ry. The Brillouin zone was sampled using
a Monkhorst—Pack '?® grid; we found that a 2 x 2 x 2 grid produced a high enough k-point
density for the results to be considered converged.

After the convergence test, we did a variable-volume geometry optimization in which
both the ions’ positions and the cell parameters were optimized simultaneously. The con-
vergence threshold on the forces as per atom was set to 10~’ Ry/Bohr. The optimiza-
tion used the Broyden—Fletcher—-Goldfarb—Shanno (BFGS) algorithm,!7? a quasi-Newton
method. The self-consistent field (SCF) calculations used a stopping criterion of 10~% Ry.
After geometry optimization, we performed phonon calculations based on density func-
tional perturbation theory (DFPT)> at the center of the Brillouin zone (I point) to generate
the dynamical matrix, from which vibrational frequencies were generated based on the
acoustic sum rule.’® The computed Raman activities were based on Placzek’s theory of po-
larizability;'”? the self-consistency tolerance in the phonon calculations (tr2_ph) was set
to 10~'* Ry. Both infrared and Raman spectra were line-broadened using Gaussian func-
tions with full widths at half maxima of 20 cm™' (FWHM = 20 cm™'); the heights were

proportional to the intensities calculated for the corresponding normal modes of vibration.

4.3.3 Experiments
In an effort to check our results, we synthesized and/or ion-exchanged many of the ma-

terials mentioned in the remainder of this study. These materials were characterized by
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Table 4.1. The structural properties of sodalite unit cells with different compositions. As anions
are introduced into the structure, their negative charge attracts the cations, leading to shrinkage of
the unit cell. Counterintuitively, the cell size does not depend significantly on the number of ionic
species.

Compound Volume (A3) a (A) b (A) c (A) a® BC y(©
[Nay|-SOD 711.079 (713.188)" 8.926 (8.935) 8.926 8.926 89.44 90.56 89.44
IK¢|-SOD 765.542 (768.230) 9.148 (9.159) 9.148 9.148 90.07 90.07 90.07

|Cd,|-SOD 717.958 (720.719)  8.954 (8.966) 8.955 8.955 90.68 90.68 89.32
|Pb,|-SOD 693.677 (693.438)  8.852(8.851) 8.852 8.852 90.50 90.50 89.50

[NayCL,|-SOD  658.030 8.698 8.698 8.698 90 90 90
IK;CL|-SOD  731.213 9.009 9.009 9.009 90 90 90
|AgCL,|-SOD  667.487 8.739 8.739 8.739 90 90 90
|Cd,CL|-SOD  663.632 8.646 8.878 8.646 89.99 90.27 89.99
[Pb,CL,|-SOD  734.823 9.026 9.023 9.026 90.17 88.47 89.83
[NagBr,|-SOD  671.301 8.756 8.756 8.756 90 90 90
|KsBr,|-SOD  741.527 9.051 9.051 9.051 90 90 90
|AggBr,|-SOD 677.763 8.784 8.784 8.784 90 90 90
|Cd,Br,|-SOD  663.190 8.663 8.663 8.836 90 90 90
[Pb,Br,|-SOD  749.627 9.084 9.084 9.084 89.73 89.73 89.73

“Numbers in parentheses correspond to the same starting configuration, except that it has been forced to have
cubic symmetry (@ = 8 =7y = 90° and a = b = ¢). The experimental crystallographic parameters would be
averages of configurations with vacancies at different sites, meaning the measured lattice parameters of any
material with vacant extraframework cation sites would likely be intermediate between the two values even
if the model were 100% accurate.

X-ray diffraction (XRD), energy-dispersive X-ray (EDX) analysis, and Fourier transform
infrared spectroscopy (FTIR). Information of synthesis and handling procedures, instru-
mentation, chemicals, and characterization are discussed thoroughly in Appendix B. Many
of the ion exchange procedures, in particular, were unsuccessful, so we instead compare

our results primarily to previously-published experiments.

4.4 Results and Discussion
4.4.1 Structural Properties of Anhydrous and Anion-Bearing Sodalites

Table 4.1 shows the calculated structural properties of sodalite exchanged with different
cations and anions. In the case of anion-containing sodalites, the cell volume is a function
of both cationic radius as well as anionic radius and each atom’s electronegativity. For

example, according to Shannon,!”* the K* ionic radius is 138 pm, larger than any other
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cation in Table 4.1. However, the cell volumes of [Pb,Cl,|-SOD and [Pb,Br,|-SOD are
slightly larger than that of their potassium counterparts, even though there are fewer cations
present in the lead cases and the Pb** ion is smaller than the K* ion. The reason for this is
that the electronegativity of lead is significantly higher than potassium, which makes these
cations less bound to the framework, resulting in a larger unit cell. Conversely, sodalites
with bromide as the extra-framework anion have larger unit cells compared to chloride
sodalites, as one would expect, because of the difference in ionic radius between the two
anions.

For the anhydrous sodalites in Table 4.1, the cell volume of each material is larger than
that of its anion-bearing counterparts, even though there are fewer cations and anions in
the structure in the anion-free case. This again stems from the fact that the Coulombic
forces between anions and cations draw the extra-framework cations closer to the anions
and framework aluminum, causing the structure to shrink.!”

Finally, some of the compositions in Table 4.1 yield a slight distortion from cubic sym-
metry. This is primarily because of the arrangement of cations when they partially occupy
the structure (i.e., extraframework cation vacancies are present). This deviation from cu-

bic symmetry at an energetic minimum is expected: Latturner et al.'”®

reported a phase
transition temperature of 250 °C between the non-cubic and cubic variants of anion-free
sodalite, with the low-temperature structure being associated with ordered Nai* triangles.

At high temperatures, thermal vibrations are larger than the energy gained by forming these

structures, and cubic symmetry is restored.

4.4.2 Comparison with Experiments

This section compares theoretical infrared spectra with both our own experimental re-
sults and findings from Mikula et al.!” Figures 4.2 and 4.3 shows the measured XRD
patterns of the parent compound and the ion-exchanged sodalites, as well as the potassium

chlorosodalite.
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Figure 4.2. Measured XRD patterns of synthesized and attempted cation-exchanged samples.
(a) parent compound (|[NagBr,|-SOD), (b) |LigBr,|-SOD, (c) |Ag¢Br,|-SOD, (d) |[K¢Br,|-SOD,
(e) |Pb,Br,|-SOD, and (f) [K¢Cl,|-SOD. Pb-exchanged sodalite shows loss of crystallinity and
potassium-chloro-sodalites does not show a recognizable pattern. The rest of the samples display
XRD patterns characteristic of sodalite.
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Figure 4.3. Measured Fourier transform infrared spectra of synthesized and attempted cation-
exchanged samples. The values written next to the graphs on the left is the number by which they
are translated from their exact absorbance values. The parent compound is at the bottom, which is
sodium bromosodalite, [NagBr,|-SOD, denoted (Na,Br).
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Table 4.2. Chemical compositions of synthesized and ion-exchanged sodalites.

Structure EDX chemical composition per unit cell

|Na8Br2|—SOD Na7,3A16,2Si6O32Br1.4
|Pb4Br2|-SOD Pb4_6Nao.3Al6.3Si6029Br1.3
|K¢Br,|-SOD K| 3Nas4Als3SisOs.8Br 5
|AggBr,|-SOD  AgipsNagAls2SiO044.9Bry 7
|Li8Br2|—SOD Lil.3Na5,4A16‘6Si6026Br1.7
IKsCL[-SOD* K5 5Alg1Si0254Clo 7

“The XRD patterns of these materials indicate they are not sodalites.

Lead-exchange of sodium bromosodalite decomposed the crystal structure, and replac-
ing sodium with potassium in the established protocol for sodium chlorosodalite '** did not
yield a sodalite phase; this is evident in the materials’ XRD patterns. The infrared spec-
tra of the compounds that yielded sodalite phases are not in good agreement with the IR
spectra predicted by DFT (Figure 4.4) due primarily to unsuccessful ion exchange of those
cations with the parent compound (Table 4.2). It should be noted that the resulting sodalites
are still sodium bromosodalites (|[NagBr,|-SOD); consequently, any evidence of Pb**, Ag",
Li* would be absent.

There are several reasons why these established ion exchange protocols were unsuc-
cessful. The potassium chlorosodalite synthesis was a modification of the protocol for
the sodium form; it appears simple replacement of sodium with potassium during synthe-
sis is inadvisable (see Figure 4.2 f). The failed lead exchange may have been a result of
pH: zeolites are synthesized in strongly basic solution (i.e., pH > 11),'”7 but the lead ni-
trate solution in our experiments had a pH of approximately 4, which may have been low
enough to damage the structure (see Figure 4.2 e). For the other ion exchanges attempted
(Li*, Ag*, K), the XRD patterns indicate the resulting materials are sodalites, but EDX
indicated that very little ion exchange occurred. The lithium and potassium exchange pro-
tocols were originally tested on hydroxysodalites, not bromosodalites; their failure in the

bromosodalite case may indicate that the anion makes a significant difference to the mech-
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Figure 4.4. Comparison between the experimental infrared (dashed line) and simulated (solid line).
[NagBr,|-SOD, NagBr,Si Al,O,, is the parent compound from which the attempted ion exchange
occurs. The results from the simulations assume the complete exchange (i.e., Pb,Br,SicAl,O,,).
Calculated intensities have been scaled so that they are comparable in magnitude to the experiments.
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anism and/or rate of ion exchange. The silver exchange protocol was also developed for
hydroxysodalites, and silver halides are even less water-soluble than silver hydroxides.

In order to check the accuracy of our calculated DFT results given the unsuccessful ion
exchange experiments, we compare our computational model with experimental findings of
Mikuta et al. '’ for |Pb,Cl,|-SOD, |Cd,CL,|-SOD, and |Ag;Cl,|-SOD. Figure 4.5 shows this
comparison, along with the experimental infrared spectra and band assignments of natural
sodalite as well as sodalite exchanged with Ag", Cd**, and Pb*" cations.

It is worth mentioning that silver exchange was complete in Mikuta et al.’s work, 'Y’
which resulted in a similar infrared spectrum compared to that of the parent [NagCl,|-SOD.
Qualitatively, our results are in better agreement with experimental spectra than were the
Hartree—Fock calculations in Mikuta et al.’s study. However, there is no obvious “signa-
ture” of Pb** or Cd** exchange evident in these spectra.

Changing from monovalent Ag* to divalent Cd**, the shape of the infrared spectrum
changes significantly. The peaks in the asymmetric stretching region split into high- and
low-wavenumber bands compared to natural sodalite. In addition, the symmetric stretching
and bending regions show additional peaks. The reason why the shape of the IR spectrum
changes and additional peaks are present for the sodalites exchanged with divalent cations
is that the unit cell distorts slightly from perfect cubic symmetry, and therefore some vibra-
tions generate changes in the dipole moment that would be IR-invisible in a perfectly cubic
cell. It should be noted that such distortions would not likely be visible in a macroscopic
crystal.

The agreement between experiment and simulation for cadmium is not as strong as
in the silver case because (i) cadmium is not easily ion-exchanged into sodalite and the
resulting IR spectrum is very sensitive to the procedure by which the ion exchange takes
place,!” and (ii) the resolution of the spectrometer might not have been high enough to be
able to deconvolute the IR spectra. However, our theoretical spectrum for |Cd,Cl,|-SOD is

in qualitative agreement with the spectrum calculated by Mikuta et al.'?’
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Figure 4.5. (a) Calculated and (b) measured mid-infrared spectra of chlorine-bearing sodalite ex-
asymmetric stretching, symmetric stretching, and bending modes from left to right. The corre-

sponding vibrational wavenumbers are written above each peak. The intensity in the computed

spectrum is proportional to absorbance. Graphs are translated and scaled by the values written next

to them. Experimental data are from Mikuta et al. 107
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Finally, a similar spectrum to that in the cadmium case is seen with the infrared spec-
trum of |Pb,CL,|-SOD. However, lead in general is more easily exchanged into sodalite

compared to cadmium. 7817

4.4.3 Ion Exchange of Anion-Free Sodalite

This section will explore the sensitivity of theoretical vibrational spectroscopy to K*,
Cd**, and Pb** ions in anhydrous, anion-free sodalite (|[Nac|-SOD) for different possible
combinations. As mentioned earlier, six out of eight cationic sites are filled in an anion-free
sodalite cage by monovalent cations. Similarly, this is reduced to three sites for divalent
cations, and so on.

In the first step in our approach, we assume that the three cations (Pb**, Cd**, K*)
have been partially exchanged with Na* ions simultaneously, such that five Na* ions are
exchanged with K™, Cd**, and Pb**, and only one sodium cation remains in the structure
(INaKCdPb|-SOD). We then compared the vibrational spectra of this compound with other
sodalites containing only one type of cation (|Nay|-, [K¢|-, |Cds|-, or [Pb,|-SOD). The results
from this step are shown in Figure 4.6. In the infrared spectra of compound |[NaKCdPb|-

SOD, there is a band at approximately 860 cm™!

, which also is present in the spectrum of
|Cd,|-SOD at the same wavenumber. However, because of the presence of a band at about
881 cm™! in the [Pb,|-SOD, one cannot be certain as to whether it is caused by the presence
of cadmium or lead in an experiment. Nevertheless, we might (in principle) be able to
conclude that the lower the wavenumber of a band around this vicinity, the more likely that
it is caused by the presence of cadmium than lead.

In order to be confident in our assignment, we first consider only the effect of cad-
mium in the presence of sodium and potassium as background without lead being present.
Figure 4.7 shows this comparison. In a neutral anhydrous sodalite, the possible configura-

tions in a single-unit-cell calculation with these three cations present are [Na,KCd|-SOD,

INa,K,Cd|-SOD, and |[NaKCd,|-SOD. These are the bottom three spectra in Figure 4.7.
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Figure 4.6. Calculated (a) mid-infrared and (b) Raman spectra of anion-free sodalite exchanged
with different cations. The bottom spectrum in each graph corresponds to sodalite containing
all four cations ([NaKCdPb|-SOD). The intensity is proportional to absorbance and has units of
C?m~*A~2amu"! in the case of infrared; in the case of Raman, it is proportional to scattering inten-
sity with units of A*amu~!. The values written below/above the graphs are the numbers by which
they are scaled/translated. Dashed lines are to guide the eye starting from the bands in [NaKCdPb|-
SOD. Red denotes the asymmetric stretching region and green denotes the symmetric stretching
and bending modes.
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Figure 4.7. Calculated (a) mid-infrared and (b) Raman spectra of anion-free sodalites partially-
exchanged with different cations. The bottom spectrum in each graph corresponds to sodalite con-
taining Na*, K*, and Cd?>" cations. The intensity is proportional to absorbance and has units of
C2m™*A=2amu! in the case of infrared; in the case of Raman, it is proportional to scattering
intensity with units of A*amu~!. The values written below/above the graphs are the numbers by
which they are scaled/translated. Dashed lines are to guide the eye starting from the bands in so-
dalites containing these three cations. Red denotes the asymmetric stretching region and green
denotes the symmetric stretching and bending modes.
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As seen in Figure 4.7, the band at approximately 860 cm™' in both the infrared and Ra-
man spectra of |Cd;|-SOD is also observable in the materials with all three cations present
(bottom three graphs in Figure 4.7). Another possible case that could occur for anhydrous
anion-free sodalite in an ion exchange processes is that sodalite exchanges with potassium
and lead but not cadmium. The possible configurations for this case are [Na,KPb|-SOD,
INa,K,Pb|-SOD, and |[NaKPb,|-SOD.

Figure 4.8 also compares the infrared as well as Raman spectra of these three com-
pounds with structures in which all cations are the same. The purpose of this comparison
is to see whether lead is evident in the presence of background of sodium and potassium,
which are ordinarily present in water resources. As shown in Figure 4.8, there is a shoulder
at around 883 cm™! in the infrared spectra as well as Raman spectra for all three partially-
exchanged compositions that is present in [Pb,;|-SOD but not |Na|-SOD or [K4|-SOD. It
should be noted that there is no distinct peak in the low wavenumber range (symmetric
stretching and bending modes) for any of the situations that we have discussed so far that
can be traced back to [Nac|-SOD, |[K(|-SOD, or [Pb,|-SOD. Note that that far-infrared (FIR)
does not provide any particular information about cation exchange, which is why we have
discussed only the mid-infrared (MIR) range.

As an example of sodalite partially exchanged with Cd** and Pb**, we chose to study
|Na,CdPb|-SOD, which is the only possible way to create a single periodic unit cell with all
three ions present. Figure 4.11 compares the vibrational spectra of the aforementioned ma-
terial with sodium-only, cadmium-only, and lead-only anhydrous sodalites. Similar to our
previous reasoning, the presence of a band at approximately 870 cm™! in both infrared and
Raman spectra is evidence of the presence of cadmium and/or lead in the structure. The key
point here is that the presence of lead tends to shift this vibration to higher wavenumbers,
up to 885 cm™!, and cadmium red-shifts this band to 860 cm™!.

Finally, in order to be convinced that this band only exists when either cadmium or

lead is present in sodalite and is not caused by the presence of potassium, we compared the
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infrared and Raman spectra of sodalite when only potassium and sodium are exchanged.
The results from this comparison are provided in Figure 4.9.

Throughout the ion exchange process with potassium, no band will appear within the
860-880 cm™! region, which provides more evidence that the band in the 860-880 cm™!
range only occurs because of cadmium and or lead. Nevertheless, one could argue that the
aforementioned band might get masked by ions such as Mg**, Ca**, which are prevalent in
water resources. In addition, we also have considered two other heavy metal cations, Ag™
and Hg**. Figure 4.12 shows that there is no band in the 860-880 cm™' region for any of the
compounds except for [Hg,|-SOD, which has a shoulder at approximately 855 cm™'. This

Uin the

observation suggests that the appearance of a band in the vicinity of 860—880 cm™
spectra of anion-free sodalite may indicate the presence of cadmium, lead, and/or mercury.
However, the relatively low intensity of this shoulder means it will be difficult to distinguish

from background and/or line-broadening effects in experimental infrared spectra.

4.4.4 Infrared and Raman Signatures of Hydroxysodalite

So far, based on DFT calculations, we have observed the effects of extra-framework
cations on the infrared and Raman spectra of sodalite both individually and when accompa-
nied by other cations. Most of the peaks that are seen in a partially-exchanged hypothetical
sodalite structure (i.e., sodalite that contains different extra-framework species) are similar
to peaks found in the spectra of sodalites that contain only one type of extra-framework
cation. In other words, if there is no overlap of bands in the spectra of sodalite contain-
ing one extra-framework species, those peaks will still appear even when other cations are
present.

Following this observation, let us examine the sensitivity of the theoretical vibrational
spectra of anhydrous hydroxysodalite, [Nag(OH),|-SOD, after Pb**, Hg**, Cd**, K*, Mg**,
and Ca** exchange. The choice of hydroxysodalite over other anion-bearing sodalites,

such as bromosodalites, was inspired by Golbad et al.,!”” who examined the capacity of
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hydroxysodalite for the removal of lead. They estimated that sodalite’s cation exchange ca-
pacity is 98.1% for a solution of 100 mg/L of lead nitrate at a pH of 6 at room temperature.
Equilibrium was reached after 6 h. Lack of infrared and/or Raman spectral evidence from
the aforementioned investigation encouraged us to study the sensitivity of vibrational spec-
troscopy of hydroxysodalite with respect not only to lead but also to other extra-framework
species.

Figures 4.13 and 4.14 show the mid- and high-frequency ranges, respectively, of both
the infrared and Raman spectra of anhydrous hydroxysodalite for different extra-framework
cations. In contrast to anion-free sodalites, |Pb,(OH),|-SOD, |Ca,(OH),|-SOD, |K;(OH),|-
SOD, and [Nag(OH),|-SOD do not exhibit any bands in the 850-880 cm™! range. However,
for the Mg2+, Cd**, and Hg2+ cases, there are some bands and/or shoulders either inside or
in the vicinity of this range. Therefore, relying solely on the 850-880 cm™' range is not an
infallible indicator for the presence of heavy metals in sodalites because (i) lead-exchanged
hydroxy-, chloro-, or bromo-sodalites do not have bands in this range to begin with, and
(i1) magnesium-exchanged hydroxysodalite has a band which might mask the presence of
heavy metals.

On the other hand, because of the presence of hydroxide anion (OH ™), the high-frequency
range for the OH stretching mode should be taken into account along with the 850—-880 cm™!
range. Figure 4.14 shows the high-frequency range of hydroxysodalite exchanged with the
Na*, Mg**, K*, Ca**, Cd**, Hg*", and Pb*" cations. The first thing to note is that OH
stretching is not IR-active in some cases, such as |[Nag(OH),|-SOD and |K;(OH),|-SOD.
As seen in Figure 4.14, lead- and mercury-exchanged sodalite exhibit OH stretching bands
within 30 cm™" of each other. However, these vibrational modes for the |Cd,(OH),|-SOD
and [Mg,(OH),|-SOD occur at virtually the same wavenumber (~ 3631-3633 cm™"), which
suggests that differentiating them would be difficult. The only possible way to distinguish
magnesium-exchanged sodalites from cadmium-exchanged sodalites would be to compare

1

their Raman spectra in the vicinity of 560 cm™", as in Figure 4.13. In these spectra, there is
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by which they are translated. Dashed lines are to guide the eye to the see the differences between
compounds between 860-880 cm™!.
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the case of infrared and A* amu~"! for Raman. The values written above the graphs are the numbers
by which they are translated.
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a sharp peak for the magnesium-exchanged sodalite, whereas cadmium-exchanged sodalite
does not exhibit this peak. Though it has been shown '3-'82 that OH stretching vibrations
can be detected for IR and Raman spectra in systems such as hemimorphite, water clusters,
and sucrose crystals, such detection in zeolites would be challenging: the weak nature of
Raman scattering combined with the strong fluorescence of zeolites often results in Raman

spectra with high background levels.?°

4.4.5 Possible Applications and Further Investigations

Our target application of this line of study was to detect lead, cadmium, or mercury
in ground water. However, our investigation of anion-bearing sodalites has revealed that,
though the 850-880 cm™! range could conceivably provide a signature of mercury, lead,
or cadmium in anion-free zeolites, such a signal would be weak and could be masked by
magnesium hydroxysodalites.

To be useful as a detector, the loading of heavy metal cations on the zeolite would have
to be high enough to see differences in the IR spectrum at ion concentrations at or below
the relevant safety thresholds established by regulatory agencies. The lowest acceptable
concentrations of lead, cadmium, and mercury in drinking water based on Environmental
Protection Agency regulations '8 are 15, 5, and 2 ppb (ug/kg), respectively. According

to Somerset et al., 34185

zeolites synthesized using coal fly ash are able to reduce lead
concentrations from 1.50 to 0.25 ppb, cadmium concentrations from 0.80 to 0.45 ppb,
and mercury concentrations from 0.47 ppb to 0.17 ppb. In addition, a similar study by
Golbad et al.'”® showed that a loading (based on the Langmuir isotherm) of one Pb** cation
per sodalite cage corresponds to a solution with a concentration as high as 2 ppm. This
is significantly higher than the threshold imposed by the EPA (15 ppb). Therefore, we
anticipate the intensity of the band in the 850-880 cm™! range might not be high enough

to detect concentrations on the order of parts per billion. However, to the best of our

knowledge, there is not a study in which this question has been addressed experimentally.

108



In any case, a relatively sensitive spectrometer would be required to distinguish the
weak shoulder that results from lead, cadmium, or mercury exchange of anion-free so-
dalites, even at full saturation. Fortunately, with the advancement of technology in the
spectroscopy realm, there exist infrared and Raman spectrometers that have resolutions as
high as 0.04 cm™!,!8¢ which is likely to be sensitive enough to resolve the bands in the
850-880 cm™! range. However, more work is required to ascertain whether the infrared
and Raman spectra of exchanged hydroxysodalites may enable even the qualitative detec-
tion of the heavy metals lead, cadmium, and mercury for concentrations as low as 2 ppb.
At this stage, we do not anticipate IR detection of heavy metals to be sensitive enough for
water resource management, primarily because the intensity of the relevant IR signals is

not high enough.

4.5 Conclusions

We have examined the sensitivity of theoretical infrared and Raman spectra of sodalites
to Mg**, K*, Ca**, Ag*, Cd**, Pb**, and Hg”" ion exchange. This was done to investigate
whether there exists a “signature” indicating the presence of heavy metals, even when other
ions (such as potassium, magnesium, and calcium) that are normally present in ground wa-
ter are present in the background. Our results suggest that the presence of bands in the
850—880 cm™! range in either the IR or Raman spectra can be attributed to the presence
of cadmium, lead, or mercury in anion-free sodalites. Our density functional theory (DFT)
predictions are in good agreement with previously published studies. '8 However, the in-
tensities of these features are likely not high enough to use them as indicators of cadmium,
lead, or mercury contamination.

We anticipate that the calculated infrared and Raman spectra of ion-exchanged sodalites
presented here will be useful in future experimental characterization of ion-exchanged ze-

olites, regardless of the final application.
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CHAPTER 5

A DENSITY FUNCTIONAL THEORY STUDY OF THE
VIBRATIONAL SPECTRA OF ALUMINATE SODALITE,
IM¢X,[[Al,,0,,]-SOD (M = Ca, Cd, Sr;X = CrO,4, MoO,, S, SO,, Se,

SeO,, Te, TeO,)

This chapter was largely published as Ref. 187, an article in Microporous and Mesoporous
Materials. The authors of that article are Amir M. Mofrad and Karl D. Hammond from the

University of Missouri.

5.1 Summary

This chapter investigates the structural properties and vibrational (i.e., infrared and Ra-
man) spectra of calcium, strontium, and cadmium aluminate sodalites with different extra-
framework cations and anions using density functional theory (DFT). The anions studied
in this work are CrO,*~, MoO,>", Se*”, Se0,*", S*~, SO,*, Te*", and TeO,>". The re-
sults are in good agreement with experiment both for structural and vibrational properties
for compositions for which such properties are known from experiment. Results from DFT
show that the cell parameters are a function of ionic radius as well as the number of atoms
present in the structure. In addition, there is a direct correlation between the cell parame-
ters and the frequency of Al-O—Al vibrational modes. As the cell parameter increases, the
asymmetric stretching modes shift to higher wavenumbers, whereas the symmetric modes

(both stretching and bending) experience a red shift.
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5.2 Introduction

Sodalites (framework code SOD) are a well-known class of oxide materials consisting
of § cages (Figure 5.1), which are formed from TO, tetrahedra (so-called T atoms) linked
through shared four- and six-membered rings. ' In anion-bearing sodalites, the anions are
located in the centers of the cages, coordinated to four cations that sit near the centers of
the six-membered rings (see Figure 5.1). !

The general composition of sodalite (an aluminosilicate) is, following the recommended

nomenclature of the [UPAC, ¢

M X7 |[Si12-1AL,024(H,0)0-3]-SOD, (5.1)

where gm —rx = n and n < 6. Given these constraints, the aluminum content cannot exceed
the silicon content. In other words, the Si/Al ratio in zeolites can only vary from pure silica
(siliceous or Si/Al = o0) to Si/Al = 1. This is consistent with Lowenstein’s rule, which
states that no Al-O—Al moieties exist in ordinary zeolites.'? It is worth mentioning here
that sodalite is considered to be a “semi-condensed” tetrahedral framework, a category that
also includes cancrinite and analcime and that lies at the boundary between non-porous
oxides and zeolites; amongst the semi-condensed aluminosilicates, sodalite is the most
widely studied. '

In Equation 5.1, M and X are extra-framework cations and anions, respectively. The
extra-framework cation in most natural and as-synthesized sodalites is sodium, but this

163,191-193

cation can be exchanged to lithium, potassium, rubidium, or cesium, as well as

transition metals such as silver, cadmium, and lead.!?”'7%17 Anions that can be occluded
into aluminosilicate sodalites vary from halide (chloride, bromide, and iodide) ions*!-!%*

to hydroxide and other polyatomic anions such as perrhenate (ReO,”), nitrate (NO;"),

and thiocyanate (SCN™).!%5"1% Due to the variety of compositions that can be created,
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FigureOS.l. (a) Structure of calcium sulfide aluminate sodalite (|CagS,|-SOD framework; a =
8.928 A). Colors indicate different elements: cyan, aluminum; yellow, sulfur; red, oxygen; and
green, calcium. Spheres are drawn with a radius half the value of either the ionic radius (S*>~, Na*)
or the covalent radius (Al, O). (b) General 3D structure of a sodalite cage (3 cage). Extra-framework

cation sites are slightly inside or slightly outside the hexagonal windows (shaded).
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aluminosilicate sodalites can serve in a variety of applications, including jewelry,'® ion-

107,147,178 5

exchange, adsorption, !’ nuclear waste management, '°>!°¢197 and catalysis. '®
It is important to note that Equation 5.1 only describes compositional variations for

aluminosilicate sodalites. A more general description of the sodalite unit cell is %

IMgX,|[TT'O4]6-SOD. (5.2)

As suggested by Equation 5.2, there are up to eight sites per unit cell for extra-framework
cations (Na™) and two cites per unit cell for extra-framework anions (most commonly C17).
Sodalites have been reported that are ion-exchanged with Li*, K*, Ag*, TI*, Mg**, Ca**,
Sr**, Ba®*, and others. %1% Other extra-framework anions that have been reported include
Br~, OH", CO.*", C,0,*7, NO;~, SO,", ClO,~, CrO,”, MoO,*", TeO;*", Se0,>", and
WO,?~ . 188.189.200.201 The gites T and T’ denote the corner-sharing TT'O, tetrahedra; to date,
sodalites have been synthesized with T and/or T’ = Si, Al, Be, P, B, Zn, Ga, and Ge.?>20
The reason for the presence of these extra-framework cations is to compensate for the
negative formal charges on T atoms such as aluminum, gallium, and boron, which have
fewer or greater than four valence electrons in the neutral atom. The presence of extra-
framework cations and anions is not necessary: pure-silica variations of sodalite, with m =
n = x = 0 in Equation (5.1), have been synthesized. '*!-13?

This study aims at predicting the vibrational (i.e., infrared and Raman) as well as struc-
tural properties of aluminate sodalites, an unusual class of sodalites containing no silicon.
Aluminate sodalites, in which T = T" = Al, are unusual because they violate Lowen-
stein’s Rule. Aluminate sodalite is the all-aluminum analog of bicchulite, an aluminum-
rich (and silicon-poor) mineral with unit cell composition |Cag(OH)y|[Al;Si,0,,]-SOD,
which has the same framework topology as sodalite and that also violates Lowenstein’s
Rule. 189291 Because of the high aluminum content in such materials, the framework is

acidic, which Brenchley and Weller suggested have potential applications in catalysis and
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ion exchange. '%82% The general formula of aluminate sodalites is

Mg X5[[Al;2024]-SOD, (5.3)

where M € {Ca®*,Cd**, Sr**} and X € {CrO,*",M00,*", SO,*", Se0,*~, WO,*~, TeO,*",
S%-, Te?", Se2’}. Given that all materials we discuss have the same framework composition,
we use the simplified notation [MgX;|-SOD to be equivalent to Equation (5.3) to describe
aluminate sodalites from here on.

The first systematic study of aluminate sodalite was conducted in the early 1960s by
Halstead et al.,?* in which they investigated the structure of yeelimite (|Cag(SO,),|-SOD)
and its potential applications as an expanding cement. In addition, many aluminate so-
dalites were studied by Depmeier?’’-2%® during the 1980s and 1990s, which focused solely
on structural properties and phase transitions of these materials. Aluminate sodalites have

also received more recent attention. For instance, Maeda et al.

investigated the ferroelec-
tric properties of calcium strontium tungstate aluminate sodalites, |Cag_,St,(WO,),|-SOD,
for applications in energy-harvesting. In a study by Cuesta et al.,?* yeelimite (|Cag(SO,),|-
SOD), another aluminate sodalite, was investigated for its applications in cements. To
summarize, although aluminate sodalites are gaining some attention in pursuit of their po-
tential applications, the literature on these materials—especially on vibrational properties
(i.e., infrared and Raman spectra)—is sparse.

This study explores the effect of extra-framework cations and anions on both the struc-
tural and vibrational properties of aluminate sodalites by means of density functional theory
calculations. Findings from this study will serve as a reference for characterization and will

contribute to an ever-growing knowledge base of vibrational spectroscopy in the materials

science community.
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5.3 Theoretical Calculations

The calculations were performed using density functional theory (DFT)**!'* with plane-
wave basis sets, treating the core—valence electronic interactions via pseudopotentials as
implemented in Quantum ESPRESSO.>*® The asymmetric unit of chromate aluminate
sodalite (|Cag(Cr0O,),|-SOD) from the work of Melzer et al.*!* was used to reproduce the
crystal structure with the I43m space group. This structure was used as the starting point
for other compositions. The exchange—correlation functional was the local density approx-
imation (LDA)!"'!-!'% with the Perdew—Zunger correction for self-interaction.!'?® Norm-
conserving pseudopotentials were used with a plane-wave energy cutoff (ecut) of 80 Ry
and a charge density cutoff energy (ecutrho) of 320 Ry. We chose LDA because the cur-
rent version of Quantum ESPRESSO is only able to compute Raman frequencies at that
level of theory. Our previous work*""'47 showed that this set of pseudopotentials with the
LDA gives infrared and Raman results that agree reasonably well with experiment. The
Brillouin zone was sampled using a Monkhorst—Pack !?® grid; we found that a 2 x 2 x 2 grid
produced a high-enough k-point density that the results can be considered to be converged.

Each structure underwent a variable-cell geometry optimization in which both the cell
parameters and the ions’ positions were changed to minimize the energy of the ground
state with no symmetry constraints. The convergence threshold on force per atom was
set to 1077 Ry/bohr and the residual stress on the supercell was less than 0.01 kbar. We
employed the Broyden—Fletcher—-Goldfarb—Shanno (BFGS)?!'! energy minimization algo-
rithm, a quasi-Newton method. In addition, we set the self-consistent field (SCF) energy-
convergence criterion to 1078 Ry.

After geometry optimization, we performed phonon calculations using density func-
tional perturbation theory (DFPT)?'2 at the center of the Brillouin zone (I point). The dy-
namical matrix and frequencies of the harmonic phonon modes were then generated based
on the acoustic sum rule.’® The computed Raman activities were based on Placzek’s theory

of polarizability.'”® The criterion for self-consistency in the phonon calculations (tr2_ph)
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was set to 10714 Ry. No scaling factor was applied to the calculated wavenumbers. The
simulated infrared and Raman spectra have peak heights proportional to the calculated in-
tensities of each normal mode of vibration. Each peak was line-broadened using a Gaussian
line shape with a full width at half maximum (FWHM) of 20 cm~'. We used Molden to

visualize the vibrational modes. '*

5.4 Results and Discussion
5.4.1 Structural Properties of Aluminate Sodalites

Table 5.1 shows the calculated structural properties of cadmium, calcium, and stron-
tium aluminate sodalites with different anions. For most of the compounds presented in
Table 5.1, DFT predicts that the cell volume is a function of both the number of atoms
(ions) present and the ionic radii of the cations and anions. For instance, in the case of cad-
mium sodalites, the oxidation of sulfur to sulfate increases the volume by up to ten percent.
In addition, changing the anion from sulfide (with a 1.84 A ionic radius) to telluride (with
a 2.21 A ionic radius) increases the volume by four percent. Similar trends are also evi-
dent for the calcium and strontium aluminate sodalites. The only exception is the change
from MoO,*” to CrO,*": the calcium molybdate cell is slightly (about 1%} larger than the
chromium molybdate cell, but the strontium form has an essentially identical cell volume
for both anions.

Lattice parameters from DFT are in reasonably good agreement with experiment for
most of the structures in Table 5.1. However, in some cases, there are some discrepan-
cies between the calculated cell parameters and the experimental values. This stems from
several factors: (i) we are using an approximation (LDA) that is known to underestimate
the energy of covalently-bonded systems, !> (ii) the presence of impurities and defects in
experiments can cause the unit cell to change, and (iii) the DFT calculations were carried
out at an energetic minimum, whereas the experimental lattice constants were measured at

room temperature or above: the sodalite lattice expands non-linearly with temperature. '3
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Table 5.1. Calculated lattice parameters of cadmium, calcium, and strontium aluminate sodalites
with different anions. The cell was not restricted to orthorhombic symmetry, but all structures
retained @ = 8 =y = 90°. The cell volume increases as the ionic radii of the anion increases.

Compound Volume (A%)  Lattice Constants (A) (This Work) Experimental Values A)
|Cd,S,|-SOD 664.477 a=b=c=28726 a=b=c=2881820
ICdg(SO,),I-SOD 730280 a=0b=8984, c=9.048 a=b=c=909920
|Cd,Te,|-SOD 692.522 a=b=c=8847 a=b=c=8940'%

[CagS,|-SOD 711.746 a=b=c=8928 a=b=c=9.022"%
[Cag(SO,),|-SOD 738350 a=b=9.069, c=28977 a=b=9219, c=99172"

|Cag Te,|-SOD 742.061 a=b=c=9.053 a=b=c=9.154'%
[Cay(TeO,),|-SOD  751.286 a=8956, b=9.139, c=9.179  N/A

[CagSe,|-SOD 723.194 a=b=c=8976 a=b=c=9077*0
|Cag(Se0;),|-SOD  731.469 a=8972, b=9.050, c=9.009 a=b=c=9.17420
[Cag(Cr0,),|-SOD  758.511 a=9.124, b=9.156, c=9.078  a=9.236, b=9.222, ¢ =9.206%1°
|Cag(M0O,),|-SOD  766.216 a=0b=9.090, c=9.273 a=0b=9295 ¢=9.29228
ISt,S,|-SOD 744.747 a=b=c=9.064 a=b=c=9257%8
Srg(SO,),I-SOD 766.376 a=b=c=9.151 a=b=c=9.0998

ISty Te,|-SOD 767.221 a=b=c=9.155 a=b=c=9379%!
Sry(TeO;),|-SOD  777.124 a=9.027, b=9271, c=9286 a=b=c=9425%"

[SrgSe,|-SOD 754.676 a=b=c=9.104 a=b=c=9.30320
Srg(Se0,),-SOD  785.956 a=9210, b=9.108, c=9.370  a=b=c=943420
Sry(Cr0,),-SOD  784.285 a=9.189, b=9.170, c=9.308  a=9.456, b=9.426, c =9.405214
Srg(M0O,),-SOD  784.094 a=b=9.153, ¢=935 a=b=9457, c=94117%

5.4.2 Vibrational Spectra of Aluminate Sodalites

Here, we investigate the vibrational properties (i.e., infrared and Raman spectra) of alu-
minate sodalites with various cation and anion combinations. Figures 5.2, 5.3, and 5.4 show
the calculated infrared and Raman spectra of strontium, calcium, and cadmium aluminate
sodalites, respectively. The wavenumbers of each peak and shoulder are written above them
in these figures. Note that structures in the sodalite family exhibit three strong absorption
bands in the 400-1300 cm™! range.*!>! These bands are referred to as framework vibra-
tional modes for T—O-T units and are composed of asymmetric stretching modes (v,s),
symmetric stretching modes (v), and bending modes (8).4"147:168200 Tt should be noted
that, in a generic sodalite composition, T in the T-O-T unit can be Si, Al, Ge, Ga, Be, and
others. In an aluminate sodalite, however, T is always aluminum. Asymmetric stretching
modes generally occur at higher wavenumbers (800—-1300 cm™!) than symmetric stretching
modes (500-800 cm™!). In addition, bending modes happen at frequencies lower than sym-

metric stretching (300-500 cm™"). Below 300 cm™, the vibrational modes are associated
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Figure 5.2. Calculated (left) infrared and (right) Raman spectra of strontium aluminate sodalites
as a function of different anions. The intensity is proportional to absorbance and has units of
C?’m*A2amu! in the case of infrared; in the case of Raman, it is proportional to scattering
intensity with units of A*amu'. The plots are stacked so each compound is lined up. The values
written below the graphs are the factors by which they are scaled. The wavenumbers are written
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Figure 5.3. Calculated (left) infrared and (right) Raman spectra of calcium aluminate sodalites
as a function of different anions. The intensity is proportional to absorbance and has units of
C?’m*A2amu! in the case of infrared; in the case of Raman, it is proportional to scattering
intensity with units of A*amu'. The plots are stacked so each compound is lined up. The values
written below the graphs are the factors by which they are scaled. The wavenumbers are written
above each peak and shoulder.
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Figure 5.4. Calculated (left) infrared and (right) Raman spectra of cadmium aluminate sodalites as
a function of different anions. The intensity is proportional to absorbance and has units of C> m™*
A=2 amu! in the case of infrared; in the case of Raman, it is proportional to scattering intensity
with units of A* amu~'. The plots are stacked so each compound is lined up. The values written
below the graphs are the factors by which they are scaled. The wavenumbers are written above each
peak and shoulder.
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with lattice vibrations and extra-framework cation motion.**!” As shown in Figure 5.2,
the asymmetric stretching mode shifts to higher wavenumbers upon oxidation for struc-
tures containing sulfur, tellurium, and selenium. In addition, as mentioned earlier, sulfur
oxidation expands the unit cell, and there is consequently a direct correlation between the
asymmetric stretching mode and the cell parameter: the higher the cell parameter, the
higher the wavenumber of the asymmetric stretching mode.?*?!6 On the other hand, sym-
metric modes (both stretching and bending) experience a red shift to lower wavenumbers
with respect to cell size and oxidation. It should be noted that chromate and molybdate
aluminate sodalites exhibit a similar spectrum in the region associated with the framework
vibrations, which stems from the fact that (i) both molybdenum and chromium belong to
the same group in the periodic table, and (ii) the cell volumes of these two sodalites are
comparable (see Table 5.1).

There are also two additional bands (1105 and 1165 cm™') that only occur in the
ISrg(SO,),|-SOD structure: these are the S—O stretching vibrations. The E-O (E stands
for any element) stretching modes are more pronounced in the Raman spectrum because
many oxygen-stretching vibrations do not change the dipole moment and thus are infrared-
invisible. For instance, Te—O vibrations in |Srg(TeO;),|-SOD occur in the 730-760 cm™!
range and Se—O vibrations occur within the 750-820 cm™! range. For chromate and molyb-
date strontium aluminate sodalites, the E—O stretching modes shift to higher wavenumbers
(906 and 935 cm™!, respectively), as seen in their Raman spectra in Figure 5.2. The re-
lationship between the vibrational frequency and the properties of the atoms undergoing
vibration is

1 |k

= —.|- 5.4
= 2\ (5.4)

where v is the vibrational frequency in Hz, k is the force constant of the bond between two
atoms in N/m, and u is the reduced mass in kg, which is calculated by u = m;m,/(m, +m,),
where m; and m, are the rest masses of the two bonded atoms. Sulfur has the lowest

atomic weight among tellurium, selenium, chromium, and molybdenum, so sulfates have
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higher vibrational frequencies than other similar anions. Similar reasoning can be applied
to Se—O and Te—O stretching modes. However, the Mo—O stretching mode occurs at
higher frequency than the Cr—O stretching mode, even though molybdenum has a higher
atomic mass. This is due to the fact that the electronegativity difference between Mo—-O is
higher than Cr—O, which results in a higher force constant, k, in Equation (5.4).

Figure 5.3 shows the calculated infrared and Raman spectra of calcium aluminate so-
dalites with the same anions as in Figure 5.2. The same conclusions can be drawn for each
of the calcium aluminate sodalites as were drawn in the previous paragraph for strontium
aluminate sodalites. It is noteworthy that the asymmetric stretching modes in the infrared
spectra of all the structures in Figure 5.3 occur at lower wavenumbers compared to their
strontium equivalents. This is in agreement with the correlation between the cell parame-
ters and the frequency of the vibrational modes. In other words, all the cell parameters of
calcium aluminate sodalites are smaller than those of strontium sodalites. Consequently,
the asymmetric stretching modes in calcium aluminate sodalites shift to lower wavenum-
bers, whereas the symmetric stretching and bending modes shift to higher wavenumbers.
In addition, the E-O stretching modes in calcium aluminate sodalites are visible in the
Raman spectra in the same range as in the strontium case.

Figure 5.4 shows the calculated vibrational spectra of |CdgS,|-SOD, |Cdg(SO,),[-SOD,
and |CdgTe,|-SOD, which are the only cadmium aluminate sodalites that have been syn-
thesized successfully to date.!'¥*?* One take-away from Figure 5.4 is that the asymmetric
stretching modes of cadmium aluminate sodalites shift to lower wavenumbers compared to
their calcium and strontium equivalents because their unit cells are smaller. Conversely, the
symmetric stretching modes shift to higher wavenumbers. The fact that these peaks shift in
opposite directions means that, in cadmium sulfide aluminate sodalites (i.e., |CdgS,[-SOD),
distinguishing between asymmetric and symmetric stretching modes might be challeng-
ing. The only E-O stretching modes observed in the |Cd¢(SO,),|-SOD structure fall within

approximately 960—1100 cm™'. It should be noted that the infrared and Raman spectra cal-
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culated by DFT qualitatively agree well with the available literature in terms of predicting

the three main vibrational modes, !88-189.200.201,216

5.5 Conclusions

We have examined the effect of different anions on the structural and vibrational proper-
ties of calcium, strontium, and cadmium aluminate sodalites by means of electronic struc-
ture calculations. The results are in good agreement with experiments for compositions
for which data are available. The predicted cell parameters change with both the size of
the cation and anion as well as the number of atoms in the unit cell. Lastly, there is a
correlation between the cell parameter and the Al-O—Al vibrational modes: as the cell pa-
rameter increases, the asymmetric stretching modes shift to higher wavenumbers, whereas
the symmetric stretching and bending modes shift to lower wavenumbers.

These findings contribute to an ever-growing knowledge base of vibrational spectroscopy
in the zeolitic materials community. We anticipate that the calculated infrared and Raman
spectra of exchanged aluminate sodalites presented here will be useful in future character-

ization of these materials.
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CHAPTER 6

RELATIVE RATES OF KRYPTON AND RUBIDIUM RELEASE

FROM ZEOLITE GETTERS

This chapter has been submitted but is not yet published. The authors are Amir M. Mofrad,

Cannon Hackett, and Karl D. Hammond of the University of Missouri.

6.1 Summary

Zeolites such as sodalite and zeolite A are used to encapsulate radioactive *Kr for long-
term storage. However, recent reports of zeolite getters removed from hot cells after over
40 years showed corrosion of the containers, suggesting that °Kr had escaped the getter
and decayed to 3°Rb, a potent corrosive agent. This study aims to determine whether it is
more likely that ¥*Kr escaped the sodalite cages, followed by decay, or that 3°Rb escaped
the sodalite cage after decay. We answer this question by calculating the activation energies
of krypton and rubidium traversing the six-membered rings of sodalite cages using density
functional theory (DFT) combined with the nudged elastic band (NEB) method and clas-
sical transition state theory. We find that it is extremely unlikely that krypton would make
the jump through the window, meaning it is more likely that the non-radioactive rubidium

is what escapes the getter.

6.2 Introduction
Nuclear fission has the potential to provide electrical power to the world for thousands

of years based solely on proven reserves if “spent” fuel reprocessing were allowable and
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safe.?!® The problem of nuclear waste management could similarly be solved by nuclear
fuel reprocessing: long-lived waste products could be transmuted to short-lived isotopes or
isotopes that are of essentially the same levels of radioactivity as in the ore. Commercial
nuclear fuel reprocessing was curtailed in the United States during the Ford and Carter Ad-
ministrations due to concerns over the proliferation of nuclear weapons, and although the
ban was eventually relaxed, any reprocessing facility that would be licensed today would
almost certainly have to demonstrate the capability of capturing volatile radionuclides with-
out releasing them to the environment. The most common isotopes expected to produce
gaseous products of reprocessing are tritiated water, 14C02, iodine (as 12912, H'?1, or or-
ganic iodides such as CH, 129), and noble gases.?'” The noble gas portion, which consists
primarily of *Kr, is the hardest to contain, as it cannot be reacted with another compound
to form a solid or liquid that would be easily stored.

The U. S. Code of Federal Regulations limits the total release of *’Kr to 50,000 Ci

220 and

per gigawatt-year of electrical energy produced over the entire uranium fuel cycle,
the Nuclear Regulatory Commission lists maximum allowable effluent concentrations of
8Kr to 7 x 1077 uCi/ml (0.03 Bg/ml),?*' which translates to approximately 0.5 ppt ¥Kr
by volume at standard temperature and pressure. These regulations would require any
reprocessing facility to capture radiokrypton and store it until the vast majority of the ®Kr

has decayed.

The decay of *Kr occurs by B~ emission, forming stable Rb through the reaction

PKr— PRb+e +v,  1.374 MeV, (6.1)

where e~ is an electron (B~ particle) and v, is the antiparticle of an electron neutrino. This
reaction has a half-life of 10.756 y,?*>?** meaning that after 50 y, only 4% of the original

%Kr remains. The ®*’Rb decay product is not radioactive, but rubidium is a very reactive
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alkali metal that is known to be highly corrosive.??*22% In fact, one of the biggest concerns
with storing *’Kr in metal canisters is the potential for corrosion caused by rubidium.??7-?28

Several methods have been proposed over the past several decades to limit corrosion
and store 3°Kr efficiently and economically.?”’23! The simplest is to use pressurized gas
cylinders, similar to those used to store compressed gases in laboratories. Another op-

tion to store *Kr is to co-deposit it with metal vapor, 227228232

resulting in a metal matrix
containing small amounts of 3Kr (= 6% by mass). Unfortunately, such metal/krypton co-
deposition techniques are very expensive.?*3% An alternative that reduces costs is to use
porous materials to encapsulate the gas inside the pore network. Packing canisters with
strong adsorbents such as metal-organic frameworks (MOFs) and zeolites also encapsu-
lates more *Kr than a pressurized canister.?*® Using MOFs and zeolites for nuclear waste
treatment (especially 3Kr encapsulation) is not new—it was first attempted in the late
1960s and early 1970s%7-23¥ _but there has been renewed interest in this area in recent
years.?¥2% MOFs are typically far less chemically stable than zeolites and are expected
to be more susceptible to damage from the 3~ decay or the resulting change in framework
charge than zeolites.*

Zeolites—crystalline aluminosilicates with three-dimensional pore networks—are rel-
atively stable at high temperature and have numerous applications ranging from adsorption
and ion exchange to catalysis.”'%024! Zeolites’ ion-exchange capabilities also make them
able to “scrub” radioactive isotopes such as '*’Cs and *°Sr from aqueous media, exchanging
them with sodium or another non-radioactive ion.*>?*>2%> We focus here on using zeolites
to encapsulate krypton-85.

For the purpose of 3Kr encapsulation, zeolites with small windows enclosing larger
pores—such as the sodalite cages found in the frameworks SOD, LTA, and FAU, among
others—are typically used. Wire-frame depictions of the sodalite cage (3-cage) structures
of sodalite (SOD framework) and zeolite A (LTA framework) and the a-cage structures

of zeolite A are shown in Figure 6.1. The gas is loaded at high temperature and pressure
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Figure 6.1. Zeolite A (LTA framework) consists of face-sharing a-cages (a), which form (3-cages
(b) at the corners. Sodalite (SOD framework) consists only of B-cages (b). Yellow balls denote
sodium site I (a, LTA; b, SOD), fading to light yellow in the background; goldenrod spheres denote
sodium site II, fading to light goldenrod in the background; black spheres in denote sodium site III,
fading to gray in the background; red, blue, and salmon-colored balls show an oxygen, silicon, and
aluminum atom, respectively, to establish a pattern. Dotted lines show whether ions are behind or
in front of the six-ring.

(~450-800 °C and ~ 100 MPa).?** The material is then cooled rapidly, with the result-
ing thermal contraction reducing the size of the six-membered ring of the sodalite cage
just enough that krypton’s rate of permation through the window is drastically reduced.
Note that this requires true zeolites (i.e., aluminosilicates): so-called “siliceous” (or “pure-
silica”) zeolites, which are more correctly called silica polymorphs, typically have negative

244-249

thermal expansion coefficients, meaning the window size would get smaller when

the material was heated, preventing encapsulation.

Recently, Jubin and Bruffey?33230:25!1

investigated five canisters that were used in the
1970s at Idaho National Laboratory for ®Kr storage in zeolite SA. These canisters, which
had been recently removed from a hot cell, were heavily corroded, and two had ruptured

in storage. The heavy corrosion suggested that the getter had failed, leaking 3°Kr into the
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container and resulting in rubidium-induced corrosion of the metal. The results of a com-
positional analysis confirmed the presence of the elements normally present in zeolite SA,
as well as krypton and rubidium.

The authors of the aforementioned studies presumed that krypton had escaped the so-
dalite cages (B-cages), decayed to rubidium, and corroded the container (in that order).

However, we hypothesize that there are three possible mechanisms:

1. Krypton escapes the sodalite cage and then decays to rubidium, which then makes its

way to the container walls, causing corrosion.

2. Krypton remains trapped inside the sodalite cage, where it decays to a rubidium atom.
The rubidium atom eventually diffuses out of the sodalite cage and makes its way out

of the zeolite phase onto the container wall.

3. Krypton remains trapped inside the sodalite cage, where it decays to a rubidium atom.
This atom rapidly donates an electron to the framework, forming Rb*, which takes
on the role of an extra-framework cation. The Rb" ion permeates the sodalite cage

and diffuses by ion exchange to the container wall, causing corrosion.

Based on the relative sizes of the three species (the ionic/atomic radii increase in the order
Rb* < Kr < Rb), we expect the Rb*™ mechanism to be the most relevant.

In this study, we use density functional theory (DFT) to calculate the relative migration
rates of krypton and rubidium in sodalite and zeolite A. These rates are estimated from
transition state theory based on jumps that cross the six-membered ring of the sodalite
cages, with each system intended to test a different aspect of the three mechanisms men-
tioned above. This includes the effects of different extra-framework cations (i.e., Na*, K*,
and Ca®" in zeolite A). Our results indicate that the difference between the two rubidium
mechanisms is not readily discernable or important, and that the most likely explanation
for observed corrosion of the metal canisters containing *’Kr-loaded zeolite getters is that

krypton remains trapped in the getter until it decays. This indicates that using sodalite or
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zeolite A as a ®Kr-encapsulation material is more viable than recent experimental obser-
vations indicate, provided a corrosion-proof container is used or a method of neutralizing

the rubidium decay products can be found.

6.3 Description of Computations
6.3.1 Crystal Structures and Compositions

We considered several structures: anion-free sodalite (|[Nag|[SizAl;O,,]-SOD, follow-
ing the recommended notation '®), chloro- and bromo-sodalites (|[NayCl,|[SizAl,O,,]-SOD
and [NagBr,|[Si,Al,O,,]-SOD, respectively), siliceous sodalite ([Si,,0,,]-SOD), zeolite 3A
(KA, [K,,[[Si,,Al;,0,4]-LTA), zeolite 4A (NaA, [Na,,|[Si;,Al;,0,4]-LTA), zeolite SA (CaA,
|Cag|[Si,;,Al,,0,5]-LTA), and siliceous A ([Si,,0,4]-LTA). The crystal structures were re-
produced from the work of Hassan et al.!” (for chloro- and bromo-sodalites) and from the
Database of Zeolite Structures® (for anion-free sodalites). The asymmetric unit of sodalite
was based on the P43n space group (#218). The crystal structure of zeolite A was drawn
from International Zeolite Association (IZA) website,? based on the Pm3m space group
(#221), which is the unit cell for siliceous case.

There is one symmetrically-distinct cation site in the sodalite, and three in zeolite A.
The three cation sites in zeolite A are located just inside the six-membered ring (site I),
in the plane of the eight-membered ring (site 1), and just inside the four-membered ring
(site III).%2 All of these sites are inside the a-cage, and not all sites are occupied in any
given unit cell repeat. In particular, the aluminum distribution determines which of the
images equivalent to site II will be occupied.

Zeolites generally obey Lowenstein’s Rule,'? which states that no AlI-O—Al moieties
can exist in aluminosilicates. One consequence of this is that the smallest unit cell for zeo-
lite A with Si/Al =1 (i.e., ordinary zeolite A) is the size of a 2 X 2 X 2 block of siliceous A.
This extra repeat is necessary to create a crystal that obeys Lowenstein’s Rule. Unfortu-

nately, such a unit cell would contain 672 atoms, which is too large for tractable plane-wave
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DFT calculations. Instead, we modified the unit cell of siliceous A to include aluminum
atoms and extra-framework cations consistent with Si/Al = 1 only in the vicinity of the dif-
fusing krypton or rubidium species, with T-atoms elsewhere being exclusively silicon. This
allows calculations on zeolite A to be done with less than 1/4 as many electrons, making
the computations tractable. The local environment seen by the diffusing species should still

be reflective of the local environment in the real material during the jump.

6.3.2 Electronic Structure Calculations
6.3.2.1 Periodic (Plane-Wave) Models

Electronic structure calculations were performed with density functional theory using a
periodic supercell with plane-wave basis sets, as implemented in Quantum ESPRESSO. >-%°
Unless otherwise specified, our calculations used norm-conserving pseudopotentials '!%116
combined with the local density approximation (LDA),''%!!* which we denote NC-LDA.
This choice of exchange—correlation functional and pseudopotential has been shown to
predict reasonable results for zeolite vibrational modes in our previous studies. 4!:147-187

As a test of the robustness of the calculated values, we performed some calculations
using the LDA and the Perdew—Zunger self-interaction correction'? and nonlinear core-
correction with Rappé—Rabe—Kaxiras—Joannopoulos (RRKJ) ultra-soft pseudopotentials
(ULT-LDA). '?!122 We performed another set using the Perdew—Burke—Ernzerhoff (PBE)
functional ''":!!8 with the norm-conserving Martins—Troullier (MT) pseudopotentials (NC-
PBE),'!> and the PBE functional with non-linear core correction and the projector aug-
mented wave (PAW) method!'® (PAW-PBE). In all cases, the Brillouin zone was sampled
using a Monkhorst—Pack !?® grid in which a 2 x 2 x 2 grid produced a high enough k-point
density for the results to be considered converged. The Kohn—Sham electronic states were

expanded in plane waves up to different kinetic energy cutoffs and charge densities for

different PPs. Table 6.1 shows the converged values of different PPs.
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Table 6.1. Cutoff parameters for plane-wave energies and densities, denoted ecut and ecutrho,
respectively, in Quantum ESPRESSO.

Method* ecut (Ry) ecutrho (Ry)

NC-LDA 80 320
ULT-LDA 70 700
NC-PBE 80 320
PAW-PBE 85 510

“pseudopotential and density functional

We performed a variable-volume (vc-relax) geometry optimization in which both the
ions’ positions and the cell parameters were optimized simultaneously for all initial struc-
tures in this study. We used the Broyden—Fletcher—Goldfarb—Shanno (BFGS) algorithm, !
a quasi-Newton method, using a force-per-atom stopping criterion of 10~7 Ry/bobhr.

After geometry optimization of the sodalite structures, we introduced the encapsulate
(Kr, Rb, or Rb") into the system at two positions: slightly inside the six-membered ring and
inside a sodalite cage (the initial state), and slightly outside the same six-membered ring,
inside an adjacent sodalite cage (the final state). In the case of zeolite A, the adsorbates
were introduced into the system same way as sodalite structures, except the final state was
inside the a cage.

To find the migration energy (activation energy of diffusion), we used the climbing-
image nudged elastic band (CI-NEB) method?>*~>*° to find the minimum energy pathway
(MEP) between the initial and final states. In some cases, a non-climbing-image NEB
calculation was performed to estimate the MEP, followed by another calculation involving
a climbing image. We used CI-NEB as implemented in Quantum ESPRESSO with five
images using the same optimization algorithm (BFGS) as for the geometry optimization.
Figure 6.2 shows a schematic of the initial guess (i.e., the initial pathway assigned to the

images before the NEB procedure is carried out) for both sodalite and zeolite A. The green
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hexagon is the six-membered ring involved in the jump; the transition state occurs when

the diffusing species lies on that plane.

6.3.2.2 Cluster Models

Zeolites are electronic insulators, so the migration energy and other similar properties
typically depend only on the local electronic environment. Given the finite-size effects that
can plague periodic calculations, we calculated the migration energies of krypton, rubidium
atom, and rubidium ion with finite-size cluster models for the siliceous cases, to determine
how reliable the periodic (plane-wave) DFT results are. Cluster models obviously carry
their own finite-size effects, but such effects manifest differently than in periodic calcula-
tions, providing a complementary result. This approach has been used to great effect in the
past to study diffusion, adsorption, and chemical reactions in zeolites. %2625

We used the embedded cluster approach via the two-layer ONIOM?°%2° method as
implemented in Gaussian 16 [Ref. 260] to calculate the optimized structures and energies
of the transition, initial, and final states. We used an overall (“whole,” denoted “W”’) cluster
containing 378 tetrahedral (Si, Al) atoms, which will hereafter be called a 378 T cluster.
The cluster was truncated after oxygen atoms, and the outermost oxygen atoms were fixed
at their crystallographic coordinates. The high-level (“quantum,” denoted “Q”) layer was a
42 T cluster consisting of two adjacent sodalite cages sharing a six-membered ring. Note
that a smaller quantum layer would suffer from inaccurate results due to the incomplete
cage structure—for example, we initially used an 18 T quantum cluster, which produced a
significantly higher migration energy (data not shown) because the krypton atom was able
to escape the (open) cage and interact only with the low-level layer and/or the terminal
OH groups (thus lowering the energy of the initial state). The interaction between the total
and quantum cluster is purely structural—that is, there is mechanical embedding but not
electronic embedding. The quantum layer was terminated by oxygen atoms, with implicit

hydrogens added to make an OH-terminated quantum cluster. The energy of an ONIOM
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(a)

(b)

N T lve

Figure 6.2. Schematic of krypton diffusion in (a) sodalite (SOD) and (b) zeolite A (LTA). The
“escape” of krypton from the sodalite cage is modeled as a jump through the six-membered ring
(green). The transition state for the minimum energy pathway occurs when krypton is at the center
of the ring.
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calculation is

Eontom = Enigh(Q) + Ejow(W) — Ej0w(Q). (6.2)

We used the Universal Force Field (UFF)?¢! for the low level of theory, with silicon, oxy-
gen, aluminum, rubidium, and krypton being represented by the UFF atom types Si3,
0_3_z (an oxygen type designed specifically for zeolites), A13, Rb, and Kr4+4, respec-
tively.

The high level of theory was DFT with either the local spin density approximation
(LSDA, equivalent to the LDA for spin-paired systems) or the hybrid exchange—correlation
functional B3LYP.%-262263 We used the 6-311G(d,p) triple-£ basis set?6+2% for all elements
except rubidium; we used the SDD basis set>”2°¢267 for rubidium, and also ran a compar-
ison using the SDD basis set for krypton as well. This method of using mixed basis sets

268 for barium and Agarwal et al.?? for rubidium and

was used previously by Sung et al.
cesium in zeolites, and is necessary for “heavy” elements beyond the third row of the pe-
riodic table for which more common basis sets are unavailable. The choice of B3LYP/
6-311G(d,p):UFF with the ONIOM method has been shown to yield reasonably accurate
zeolitic geometries and vibrational frequencies, as well as proton jump rates. !%-236:269.270
Geometry optimizations were performed with no symmetry constraint for both transition
and initial/final states using the “quadratic coupling” method of Vreven et al.?’!?> The
Berny algorithm?’® was used to optimize to transition states, starting from an initial guess
with the krypton or rubidium atom in the center of the six-membered ring and other atoms
near their crystallographic positions. A frequency calculation was also performed for each
transition state to verify that the quantum layer was optimized to a transition state (i.e., had
only one imaginary frequency).

Figure 6.3 shows a snapshot of the siliceous sodalite cluster with a krypton atom, opti-
mized to a transition state. We used the same cluster for rubidium. In the case of rubidium

ion, one of the silicon atoms in the six-membered ring was substituted with aluminum, and

the rubidium ion acted as an extra-framework cation.
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Figure 6.3. Snapshot of krypton (cyan) at its transition state in an ONIOM (layered) calculation as
implemented in Gaussian. The total system contains 378 T atoms. The high-level cluster containing
42 T atoms (two [3-cages) is modeled with quantum-mechanical methods and is shown with balls
and sticks. The low-level layer is modeled using UFF and is represented by wireframes. Silicon and
oxygen atoms are gray and red, respectively.
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6.3.3 Rate Estimation

Assuming that a jump through the six-membered ring of a sodalite cage is the rate-
limiting step of krypton or rubidium migration in sodalite-like zeolites, a reasonably ac-
curate estimate of the rate of diffusion can be approximated from classical transition state
theory, originally developed for chemical reactions by Eyring, Polanyi, and Wigner?"+2"7
and extended to materials as described by Vineyard.?’® The diffusion coefficient of krypton
or rubidium in zeolites can be described by D = L°T", where L is a characteristic length
and T is the rate of a jump.?”® Classical harmonic transition state theory gives the rate

expression

Dhrst = (6.3)

kel O ( AE,
o€ kBT)

where ['rst 1S the jump rate from harmonic transition state theory (hTST), kg is the Boltz-
mann constant, 7' the absolute temperature at which diffusion occurs, and /% is the Planck
constant. The quantity AE, is the difference between the ground state electronic energies of
the transition state and the initial state; Q% and Q are the total vibrational partition functions
of the transition state and initial state, respectively, with the normal mode in Q¥ associated
with vibration of the transition state along the minimum-energy pathway removed. Ex-

panding the partition functions in Equation 6.3 gives

[3N—4 ( e~hvil2ksT )i-
_ ,—hv/kgT
r kgT | j=1 [ e —AEs
hTST ho | 3N=3 1 hvif2ksT : ksT
| (m)
L | (6.4)
(1 _ e—hvi/kBT)
kT | iz ex —(AFa Alzer)
h | 3N-a 7 ksT |
(1 — e /kBT)+
[ =1

where N is the number of atoms present in the system. The three translational modes are not

included in the rate expression (and, given that the crystal is at rest, the frequencies of these
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modes will be zero based on the acoustic sum rule’®). The fourth mode excluded from the
transition state (&) terms corresponds to the “upside-down” well, which has an imaginary
frequency and is associated with vibration of the transition state along the minimum-energy
pathway to form the product state. The term AEpg 1s the zero-point energy, and is the sum
of all %hv terms for each real-valued vibrational frequency in the transition state, minus
similar terms from the initial state.

We computed the pre-exponential factor for the diffusion of krypton and rubidium in
siliceous sodalite so as to confirm whether the NEB calculation had converged to a first-
order saddle point (transition state) and to estimate the error associated with ignoring the
terms in brackets in Equation 6.4. This requires a phonon calculation using density func-

tional perturbation theory (DFPT)?!2

at the center of the Brillouin zone (I" point). The dy-
namical matrix and frequencies of the harmonic phonon modes were then generated based
on the acoustic sum rule.”® The criterion for self-consistency in the phonon calculations

(tr2_ph) was set to 10714 Ry.

6.4 Results and Discussion

With the goal of determining whether an encapsulated *Kr atom leaves the sodalite
cage before or after it undergoes decay, we will explore several parameters, including cal-
culation method, extra-framework cations and anions, and structure (i.e., sodalite vs. zeo-
lite A), starting from the base case of siliceous sodalite, [Si;,0,,]-SOD. We expected, prior
to this study, that the migration energies will be in the order Esrp > Esxr > Eagrp+ due to
the relevant covalent or ionic radii, as shown in Figure 6.4. It should be noted that the ionic
radii are scaled by a factor of (V5 — 1)/2 ~ 0.6 in the images, which makes it possible to

see through the windows.
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Figure 6.4. Space-filling representation of an entrapped species inside a siliceous sodalite cage.
(a) entrapped krypton, (b) entrapped rubidium atom, and (c) entrapped rubidium ion. Images created
with AtomEye.?® The atoms’ radii are scaled by 0.6 for clarity.

6.4.1 High-Silica and Siliceous Sodalite

Table 6.2 shows the calculated migration energies of krypton and rubidium in siliceous
sodalite, as well as Rb™ in high-silica sodalite. To model the diffusion of Rb", we substi-
tuted one silicon atom (belonging to the six-membered ring through which the jump occurs)
with an aluminum atom. This way, rubidium behaves like an extra-framework cation, but
is not impeded by the presence of other ions. As seen in Table 6.2, the migration energy of
krypton is significantly higher than that of either rubidium atom or rubidium ion. This is
somewhat counter-intuitive, because the van der Waals radius of rubidium atom is higher
than that of krypton (3.21 A for Rb and 2.25 A for Kr). The reason for this result is the
presence of the loosely-bound valence electron in rubidium, which is easily removed and
shared between the oxygen atoms nearby. The loss of an electron causes the rubidium atom
to behave more like Rb* (1.66 A) while traversing the six-membered ring.

Based on the vibrational analysis, we calculated the product of the partition functions
(the first bracketed term in Equation 6.4) for *Kr, ¥Rb, and *Rb* in only siliceous (high-
silica) sodalite. Following the same order as Table 6.2, these values are 1.030 X 10~ for
Kr, 0.159 for Rb, and 0.044 and 0.269 for Rb", respectively. Multiplying these values by

the Boltzmann factor calculated in Table 6.2 (third column) will result in an even smaller
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Table 6.2. Migration energies and approximate jump rates of Kr, Rb, and Rb™ in high-silica sodalite
calculated with norm-conserving pseudopotentials and the LDA.

Species® E4 (eV) E 4 (kJ/mol) ]% exp(—=E4/kgT) (s71)?
Kr 1.923 185.541 1.94 x 10720

Rb 0.441 42.550 2.18 % 10°

Rb* 0.336, 0.160¢ 32.419, 15.438 1.30 x 107, 1.22 x 10'°

9The Rb* structure is all-silica except for one aluminum atom on the ring
through which the ion jumps.

5The Boltzmann factor (last column) is calculated at T = 298 K.

“Multiple values indicate asymmetric migration pathways

rate for krypton compared to rubidium. In other words, it is even less likely for Kr to escape

a sodalite cage than it would appear to be if we assumed Q%/Q ~ 1.

6.4.2 Effect of Pseudopotential and Density Functional

Norm-conserving pseudopotentials with the LDA (NC-LDA) yield infrared spectra for
sodalites that are in reasonable agreement with experiment.*' However, the energetics as-
sociated with the LDA are known to be inaccurate, particularly for covalently-bonded com-
pounds, so we examined other levels of theory to ensure the trend we saw for krypton vs.
rubidium jumps in sodalite with NC-LDA held for more accurate functionals and different
pseudopotentials.

Table 6.3 shows activation energies for krypton and rubidium jumping through a six-
membered ring in sodalite calculated with norm-conserving pseuopotentials with the LDA
(NC-LDA), norm-conserving pseudopotentials with the PBE functional (NC-PBE), LDA
with ultra-soft pseudopotentials (ULT-LDA), and PBE with the projector augmented wave
method (PAW-PBE).

Table 6.3 shows that all four psuedopotential/density functional combinations predict a
significantly higher activation energy for krypton diffusion in siliceous sodalite than for ru-

bidium diffusion. It is worth mentioning that the difference between krypton and rubidium
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Table 6.3. Activation energies (in eV) of krypton and rubidium jumps through a six-membered in
siliceous sodalite using different density functionals and pseudopotentials.

Activation Energy (eV)
Species NC-LDA NC-PBE ULT-LDA PAW-PBE

Kr 1.923 2.482 1.857 2417
Rb 0.441 0.853 1.196 1.534

migration energies for norm-conserving pseudopotentials is similar (= 1.5 eV), whereas
this difference is half of that for ultra-soft pseudopotentials and the PAW method.

We also did a calculation with the van der Waals effect®!?%? (vdw_corr parameter in
Quantum ESPRESSO) turned on for the NC-LDA case. The only difference this effect had
was to increase the values of the migration energies for all the species, resulting in having
the same energy difference between Kr and Rb or Rb* (data not shown). However, the

trend still remains the same.

6.4.3 Aluminosilicate Sodalite

Table 6.4 shows the activation energies of krypton and rubidium diffusion in aluminosil-
icate sodalite (sodalites with Si/Al = 1) with different combinations of extra-framework
ions. In the anion-free cases, specifically those with sodium and potassium being the extra-
framework cations (|[Nag|[SigAlcO,,]1-SOD and |K,|[SigAlcO,,]1-SOD, respectively), not all
cation sites are occupied, meaning that there are two cases to consider: (i) the encapsulated
atom jumps through a six-membered ring that is partially blocked by an extra-framework
cation, and (ii) the encapsulated atom jumps through an unblocked six-membered ring. We
denote these two jumps SOD; and SOD;, respectively. To save space, only the cations are
given in this section (e.g., |[Nay|-SOD; denotes a jump through a blocked six-membered ring
in anion-free sodalite). The minimum energy pathway for rubidium in anion-free sodalites
is different than the rest of the compounds in Table 6.4: due to the presence of two empty

cation sites in anion-free sodalites, the diffusion of rubidium involves a jump from one site
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in one cage to another site in the adjacent cage. Therefore, a 2 X 1 X 1 supercell was used
for rubidium in anion-free sodalites to avoid self-interaction issues. Because all the cation
sites in chloro- and bromo-sodalites are occupied, the pathway is shorter and diffusion can
be modeled with a single unit cell.

As seen in Table 6.4, the migration energy of krypton in [Nag|[SicAlO,,]-SOD;; (empty
ring) is slightly smaller than in siliceous sodalite ([Si,;,0,,]-SOD). This is due to the fact
that the inclusion of extra-framework cations expands the cell, thereby lowering the migra-
tion energy. Unsurprisingly, the migration energy in the [Nay|-SOD; case is higher than in
the [Nay|-SOD;; case. This is expected, because krypton has to push a sodium cation out of
the way in the former case. On the other hand, the migration energy of rubidium in both
cases of |[Nag|-SOD is higher than in the siliceous case. This is due to the fact that in anion-
free sodalite, rubidium travels from one cation site in one cage, through a six-membered
ring, and finally sits on a cation site inside another cage; in contrast, in siliceous sodalite,
the migration pathway is significantly shorter and involves only one six-membered ring.
The barrier in case (i), a blocked window, is universally higher than that in case (ii), an
open window. It is worth mentioning that the inclusion of cations with higher ionic radii
(such as K*) expands the cell, which reduces the activation energy for the diffusion of kryp-
ton. However, due to the Coulombic repulsion between rubidium and potassium ions, the
activation energy of rubidium diffusion is higher for potassium-exchanged sodalite than for
ordinary (sodium) sodalite. In chloro- and bromo-sodalites, all windows are blocked and
there is less empty space within the cage, and therefore the migration energy for krypton
(an inert gas) increases even more. However, due to the attractive forces between chloride
or bromide ions and rubidium ions, the activation energy of rubidium diffusion decreases
significantly, which is in agreement with a similar study done by Edgar et al.?3? in which the
activation energy of sodium cations decreases in the presence of extra-framework chlorides

in the sodalite cage.
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Table 6.4. Migration energies (in eV) of krypton and rubidium in aluminosilicate sodalites with
different extra-framework ions.

System? Kr Rb

[Nag|-SOD; 2.627,2.647° 1.574
[Nag|-SOD;; 1.444,1.464 0.767,0.714

IK,|-SOD; 1.549 4.945
K,-SOD;  1.129 0.938,0.936
INa,Cl,|-SOD  1.918 0.596

[NagBr,|-SOD  2.089, 1.739  0.495

“In the anion-free cases (six cations per cell), dif-
fusion can occur when (i) the six-ring is blocked and
(i) when the six-ring is empty; these are denoted |Xg|-
SOD; and |X4|-SODy;, respectively.

bTwo values indicate an asymmetric migration path-
way.

6.4.4 Siliceous Sodalite vs. Siliceous A

So far, we have been able to conclude that the migration energy of krypton is much
higher than rubidium in both siliceous and aluminosilicate sodalites. However, zeolite
getters used for krypton encapsulation are typically zeolite A (LTA framework), which
shares the sodalite cage (3-cage) structure with the SOD framework but also contains larger
o-cages. As a first step, we calculated the migration energies in siliceous A ([Si,,0,4]-
LTA). Table 6.5 shows the migration energies for Kr, Rb, and Rb" in siliceous (or, for
Rb™, high-silica) sodalite and siliceous/high-silica zeolite A based on a single unit cell. It
should be noted that in sodalite, diffusion occurs between two adjacent B-cages, whereas
in zeolite A, it is between a 3-cage and an adjacent a-cage. The migration energies of
krypton in sodalite and zeolite A are similar, but those of Rb and Rb™ are more sensitive to
the framework topology. In addition, zeolite A always results in an asymmetric migration
pathway because of the difference in geometry. The most important conclusion from Ta-
ble 6.5 is that the migration energy for krypton is significantly higher than that of Rb and

Rb* in siliceous A, a similar trend to that found for siliceous sodalite.
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Table 6.5. Comparison between the migration energies (in eV) of Kr, Rb, and Rb* in siliceous
sodalite (SOD) and siliceous zeolite A (LTA).

Species SOD LTA
Kr 1.923 1.852,1.787 ¢
Rb 0.441 0.390, 0.222

Rb* 0.336,0.160 0.380,0.116

“Two values indicate an asymmetric migra-
tion pathway. The larger number in the LTA case
is the activation energy to escape the -cage.

6.4.5 Zeolite A, Si/Al=1 (Locally)

As discussed in the Introduction, siliceous zeolitic materials are poor choices for encap-
sulation because of their negative thermal expansion coefficients, and it is also much more
common for natural and synthetic sodalite and zeolite A to have Si/Al = 1. The alterna-
tion between silicon and aluminum in zeolites complicates the description of the unit cell
in zeolite A, because the structure would need to be two full unit cells in each Cartesian
direction to produce a structure with Si/Al = 1 that did not violate Lowenstein’s Rule. A
DFT simulation of a full 2 x 2 x 2 supercell is not tractable, so we instead created a2 x 1 x 1
supercell that is all-silica except for the six-membered ring connecting the [3-cage contain-
ing the encapsulated species to the adjacent a-cage. In other words, only three (or, in the
case of divalent cations, four) T-sites are replaced by aluminum, with the rest being silicon.
Figure 6.5 shows a 2 X 1 x 1 supercell of zeolite A (blue lines) with this substitution, along
with one of its periodic images to complete the $-cage. We examined zeolites 3A (KA),
4A (NaA), and SA (CaA); in the CaA case, only sites I and II are occupied, and there are
four aluminum atoms instead of 3 because it is otherwise impossible to neutralize the entire
supercell.

Table 6.6 shows krypton and rubidium migration energies for our modified zeolite A.
There are different possible configurations as to where the extra-framework cations sit in

NaA and KA, whereas there is only one possible configuration for CaA. Similar to the
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Figure 6.5. Schematic representation of modified zeolite A structure. A 2 X 1 x 1 supercell (blue
lines) is used in the simulation; the jump occurs across the green window in which the six-membered
ring has an Si/Al = 1 when sodium and/or potassium are used as extra-framework cations. When
calcium is the extra-framework cation, one extra silicon atom is substituted with an aluminum atom,
denoted as (Al).

siliceous materials and to sodalite with Si/Al = 1, krypton has a higher migration energy
in zeolite A compared to rubidium for all three cations.

It should be noted that the activation energies of krypton and rubidium diffusion in CaA
(zeolite SA) are both extremely high. The pre-exponential factors corresponding to the ac-
tivation energies for escaping the [3-cage, ignoring the partition function ratios (bracketed
terms in Equation 6.4), are 1.26 x 107! s7! for krypton and 2.61 x 1073?s™! for rubidium.
While the rate of this jump would clearly be faster for rubidium than for krypton, the result
of this calculation is that neither species should be able to traverse the six-membered ring
“windows” in zeolite SA. This raises the question of whether there is another mechanism
present that we are missing (such as distortion of the [-cage structure due to the energy
released by p~ decay), and even whether the rubidium that caused the corrosion observed

experimentally came from 3Kr that was encapsulated inside the f-cages in the first place.
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Table 6.6. Migration energies (in eV) of krypton and rubidium in zeolite A with a local Si/Al ratio
of 1.

Cation Locations”
Guest Host 1II, II1, 11T L IL, III IL, II, III LII

Kr NaA 1.200, 1.198° 1.513,1.511 1.087, 1.085
Rb NaA 0.306,0.052 1.041,0.832 0.265, 0.010
Kr KA 1.363,1.361 1.747,1.740 1.223,1.211
Rb KA 0.351,0.017 0.663, 0.432 0.359, 0.101
Kr CaA 3.766, 3.745
Rb CaA 2.624,2.218

“Cation sites are denoted by Roman numerals and are shown in Figure 6.1.
bTwo numbers indicate an asymmetric migration pathway.

Certainly, the overwhelming evidence from these calculations is that if krypton is encap-
sulated inside the (3-cages of zeolite SA, it should not escape on human-observable time

scales.

6.4.6 Comparison of Periodic and Cluster Models

This section investigates the difference between migration energies from plane-wave
basis sets (periodic calculations) in Quantum ESPRESSO and calculations using cluster
models in Gaussian. The details of the calculations are discussed in Section 6.3.2.2. We
calculated the migration energies of Kr, Rb in siliceous sodalite and Rb" in high-silica so-
dalite using both the local spin density approximation (LSDA) and the hybrid functional
B3LYP. The results from this investigation are shown in Table 6.7. It is important to note
that these are the results in which the quantum cluster size contains 42 T atoms (two adja-
cent B-cages). The migration energy of Kr is significantly higher compared to the migration
energies of Rb and Rb", which is qualitatively consistent with the periodic calculations in
previous sections. Although the results for the B3LYP functional seem to overestimate the
migration energy in Table 6.7, it should be noted that in general, reaction barrier heights

calculated with B3LYP are underestimated compared to the true values.?®* The trend from
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Table 6.7. Activation energies (in eV) of Kr, Rb, and Rb™ diffusion from cluster models of siliceous
or high-silica sodalite.

Density Functional

Guest Basis Set LSDA B3LYP

Kr 6-311G(d,p) 1.218 2.071

Kr SDD 1.204 1.356

Rb SDD 0.159, 0.160* 0.894

Rb* SDD 0.505,0.495 0.827,0.817

“Two values indicate an asymmetric migration pathway.

the cluster models is the same as in periodic models; that is, the activation energy of Kr

diffusing through sodalite is higher than that for Rb and Rb™.

6.5 Conclusions

We computed the activation energies associated with the diffusion of krypton and rubid-
ium through sodalite and zeolite A using density functional theory and the nudged elastic
band method. The motivation behind this study was to assess possible mechanisms of ru-
bidium release from zeolite getters used to encapsulate *’Kr for long-term storage. We
found that the migration energy of krypton is significantly higher than that of rubidium,
whether the framework is charged or not. Inclusion of extra-framework cations in anion-
free sodalites decreases the migration energies for krypton, primarily due to the expansion
of the unit cell. On the other hand, the migration energy of rubidium is higher in anion-
free sodalites than their siliceous counterparts, and the presence of extra-framework anions
increases the migration energy of krypton and decreases it for rubidium due to Coulombic
interactions between rubidium and the extra-framework anions. Similar trends were ob-
served for zeolite A, regardless of which extra-framework cations (Na*, K*, or Caz+) were

present.
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The trend Ex: > Earo > Esrp+ Was unexpected because the relative sizes follow the
order rgp > rg; > Frp+, but this trend is easily explained by the spreading out of the electron
density associated with the loosely-bound valence electron of rubidium atom across the
oxygen atoms nearby. Different density functionals and pseudopotentials or basis sets give
qualitatively, though not quantitatively, similar results: the rate of rubidium permeation
vastly exceeds that of krypton permeation.

The overall conclusion is that it is far more likely that 3Kr decays before escaping from
the P-cages of zeolite A, and rubidium subsequently leaves the zeolite structure and causes
the corrosion observed in experiments. Using zeolites for encapsulating 3Kr should there-
fore be considered with this mechanism in mind. Future work should investigate variables
such as level of hydration, which may affect the migration energies of krypton and rubid-
ium. It should be noted that the predicted rate of rubidium permeation in zeolite SA (CaA),
while still orders of magnitude faster than that of krypton, is extremely low, indicating that
neither species should escape the [3-cages of CaA. The fact that such release has been ob-
served experimentally suggests that there may be another mechanism at play that we have

not taken into account.
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CHAPTER 7

SUMMARY, CONCLUSIONS, AND FUTURE WORK

7.1 Zusammenfassung

The literal translation of the above word reads “summary”’. However, the word-by-word
translation is zusammen (tying) and fassung (together)."? Accordingly, the purpose of this
chapter is to tie together the conclusions drawn from each chapter of this dissertation. To
recap, the main goal of this dissertation was to study different properties of zeolites, specifi-
cally sodalite-like materials, by means of density functional theory (DFT) calculations with
the following objectives: (1) construct a database of vibrational properties (i.e., infrared and
Raman spectra), which can be used as a reference for other scientists/experimentalists, and
(2) provide additional interpretations that are difficult if not impossible to acquire exper-
imentally in zeolite science. We explored the first objective by predicting the vibrational
spectra of sodalite structures in three distinct scenarios: (i) effect of Si/Al ratio, (i1) effect of
extra-framework ions, and (iii) effect of framework substitution. For our second objective,
we specifically looked into an experimental observation—corrosion of metal canisters used
to encapsulate *’Kr—with the help of DFT and the nudged elastic band (NEB) method. Be-

low we summarize our findings for both objectives in turn.

7.1.1 Predicted Vibrational Spectra
In Chapter 3, we predicted the vibrational properties of siliceous and bromosodalites,

from which we concluded that the results obtained by norm-conserving LDA were in good

(DThe choice of this German word was inspired by Ref. 285.
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agreement with experimental infrared spectra of siliceous and bromosodalites. The pres-
ence of broad peaks in the infrared spectra led us to the second part of the study, in which
we attempted to answer the question of whether defects in zeolites caused this broaden-
ing. We introduced defects by inserting silanol terminations in both siliceous sodalite and
bromosodalite. Although these types of defects are not the only possible defects present in
sodalite (or other zeolitic materials), the results in Chapter 3 showed that such defects can
be responsible for the presence of broad peaks as well as additional bands in the measured
spectra.

We then extended our inquiry to a wide range of sodalites with different extra-framework
cations in Chapter 4. The initial purpose of this exploration was to develop a database of
infrared and Raman spectra of virtually any possible theoretical sodalite. We capitalized on
the unique structure of sodalite, which can incorporate cations only or cations and anions,
as long as the framework is electrically neutral. In the process of constructing this database,
we hypothesized that theoretical vibrational spectra were sensitive enough to detect certain
heavy metals in water. The motivation behind this exploration lies in the ion exchange prop-
erty of zeolites.”) We hypothesized that if sodalite—in an ideal world—is ion exchanged
with a water sample that is contaminated with cadmium, mercury, and lead, would there be
a “signature” band associated with the presence of these contaminants. It turned out that
for anion-free sodalites, there is a band in the 850-880 cm™! range that is indicative of the
presence of cadmium, mercury, and/or lead. It should be stressed that although DFT pre-
dicted this signature band, due to practical limitations of infrared spectroscopy, this signal
will likely be obscured in an experiment. Therefore, we concluded that with the present
instrumentation and spectroscopy techniques, this signature band might not be a reliable in-

dicator of the presence of heavy metals captured by sodalite. Nevertheless, our infrared and

 Among different zeolites, sodalite is not the best candidate for ion exchange processes, as the windows
are small and ion exchange is consequently slow. However, from the computational point of view, it was the
best structure to carry out all the “heavy” calculations with.
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Raman database remains valuable and can always serve as a reference for experimentalists
to compare their results.

In Chapter 5, we developed a database of aluminate sodalites, which have the same
framework as aluminosilicate sodalite but only contain [AlO,]” tetrahedra. One of the
interesting properties of these materials is that they disobey Lowenstein’s aluminum avoid-
ance rule. In addition, their ability to incorporate different types of anions opens up applica-
tions in the areas of electronic materials and optics. Despite having potential applications,
the (spectroscopic) literature for these materials is sparse. We calculated the structural
properties as well as the vibrational spectra (i.e., infrared and Raman spectra) for alumi-
nate sodalites that have been previously synthesized. The results from DFT were in good
agreement with the available literature. In addition, we observed the sensitivity of asym-
metric stretching modes with respect to cell size; that is, the higher the cell volume, the
more the asymmetric stretching vibrational mode experiences a blue shift. Furthermore,
the E-O vibrational mode’s frequency, where E is an anion, was also systematically de-

scribed by the type of bond and the masses involved.

7.1.2 Gas Encapsulation

The motivation behind this work was to test three possible mechanisms that resulted in
the corrosion of canisters used in the 1970s to entrap *’Kr at Idaho National Laboratory.
We first compared the activation energies of krypton, rubidium, and rubidium ion diffusion
in siliceous and aluminosilicate sodalites. The results for siliceous sodalite showed that
the activation energy associated with the diffusion of krypton was significantly higher than
that of both rubidium and rubidium ion. Inclusion of extra-framework cations into the
anion-free sodalite structure decreases the activation energy of Kr diffusion, primarily due
to the expansion of the cell. On the other hand, the activation energy of Rb is higher in
anion-free sodalites than in their siliceous counterparts (though still lower than Kr) because

the minimum energy pathway for rubidium in anion-free sodalites involves a complex,
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high-activation-energy pathway. The presence of extra-framework anions increases the
activation energy for krypton, whereas for rubidium, this energy barrier decreases due the
Coulombic interactions between rubidium and the extra-framework anions. In order to find
the correct mechanism, we then investigated this comparison in siliceous A and a modified
zeolite A (4A, 3A, and 5A). Similar trends were observed for the LTA framework: the
activation energy associated with diffusion of krypton through the windows of sodalite
cage is higher than the activation energy of rubidium diffusion.

The reason why krypton has a higher activation energy than rubidium can be attributed
in part to the difference between the radii of these species. Due to the electronegative nature
of oxygen atoms in the zeolite framework as well as the presence of one loose electron in
the valence shell of rubidium, upon diffusion, a rubidium atom loses and/or shares the
unpaired electron. This causes the radius of rubidium to be as small as 1.66 A, whereas the
van der Waals radius of krypton is 2.25 A. Embedded cluster calculations, as implemented
in GaussiaN, predicted the same trends as periodic plane-wave calculations with Quantum
ESPRESSO. The activation energies of both krypton and rubidium for the modified zeolite
SA are high, meaning that neither krypton nor rubidium should escape the structure on a
human-observable time scale.

Based on the results of this study, we conclude that the following mechanism might
be responsible for the observed corrosion of canisters used at INL for Kr entrapment:
krypton remains captured inside the zeolite; it decays to rubidium with a half-life of 10.8
years, and rubidium (or rubidium ion) leaves the zeolite structure and causes the corrosion.
Therefore, using zeolites for storing **Kr should have further consideration of the decay

product, corrosive rubidium.

7.2 Suggested Future Directions
By the end of this dissertation, we envision different routes one can follow. I outline

suggestions for future work below, specifically based on the conclusions of this dissertation.
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7.2.1 Extending a Database

With the help of computational power as well as improvements in first-principles the-
ories/algorithms, one suggestion is to extend a database of infrared and Raman spectra
of industrially important zeolites as well as with different possible combinations of extra-
framework and adsorbate species occluded inside them. Scientists in the community, either
from experimental or theoretical groups, can benefit from such databases as benchmarks
for their results. In addition, these databases can serve in the areas of materials design, in
which large data sets can be used in neural networks (NN) for the purpose of materials (in

our case, zeolite) discovery.

7.2.2 Wastewater Treatment

Although the results from our theoretical investigations in Chapter 4 provided useful
information about the presence of heavy metals in sodalite, detecting heavy metals with
sodalites combined with infrared spectroscopy might not be feasible in practice, as the
infrared signal is not easy to differentiate from other signals likely to be present. Looking
back at the study, however, some suggestions using zeolites can be made, specifically in the
area of wastewater treatment/heavy metals removal. One suggestion, for example, would
be to use zeolites with larger pores such as clinoptilolite, chabazite, or mordenite. Another
suggestion is to conduct similar studies in which there are some water molecules present

within the structure to consider a more realistic model than anhydrous zeolite.

7.2.3 Krypton-85 Immobilization

As mentioned in Section 7.1.2, DFT predicted that although zeolite A and sodalite
should entrap krypton, these getters might not hold the decay product, rubidium. This
conclusion was drawn using a modified zeolite A structure with Si/Al = 1 locally. One
suggestion would be to conduct a similar study using the actual unit cell of zeolite A with
Si/Al = 1, which is the same size as a 2 X 2 X 2 unit cell of siliceous A. One might also

explore the effects of compositional variation/substitution on zeolite A used as a krypton
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getter. For instance, instead of using common extra-framework cations (Na, K, etc.), one
can explore the effect of other cations. Another suggestion to tackle this challenge would
be to use aluminate sodalites. These sodalites can have divalent cations in the framework,

resulting in a crowded structure which might hinder the escape of rubidium.

7.3 Schluss

In a nutshell, zeolites are interesting materials because of their unique structural prop-
erties, which allow them to selectively incorporate certain species. The scientific research
on these materials are nearing almost a century since the work of the father of synthetic
zeolites, Richard Barrer, and new breakthroughs are being made at a significant pace. Most
advancements are either targeted at the discovery of new zeolitic materials that possess
certain properties (optical, magnetic, vibrational, etc.), or towards optimizing existing ze-
olites for new applications. Relying solely on experimental research might lack accuracy
and may come at a price, hindering progress. Employing computational techniques along
with experimental research paves the road to more efficient research, ultimately resulting

in further development.
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APPENDIX A

COMMON SYNTHESIS AND CHARACTERIZATION
TECHNIQUES

Although this dissertation is mainly focused on the computational aspects of zeolites, it
is worth explaining to some extent the common experimental synthesis and characterization

techniques in zeolites.

A.1 Synthesis
A.1.1  Zeolites

From the economic and environmental aspects, it is beneficiary to use natural waste/
substances to synthesize zeolites. These materials vary from clay minerals, volcanic glasses
to fly ash, rice husk, etc. Zeolites synthesized from materials, of course, cannot be used
for certain commercial applications since they are not pure enough. Therefore, there will
always be a demand for synthetic zeolites. As of 2020, different methods are used to synthe-
size zeolites. The most common ones are hydrothermal syntheses, the molten salt method,
the fusion method, alkali metal activation, microwave-assisted syntheses, and syntheses via
dialysis.?®® The hydrothermal method is the most common one used in zeolite synthesis.
In Chapters 3 and Appendix B, we discussed the details of these methods. For the detailed

information of other methods, the interested reader is referred to Refs 287-291.

A.1.2 Aluminate Sodalites
The synthesis of aluminate sodalites is pretty straightforward, as long as a stoichiomet-

ric mixture of the analytical components is used. Here we discuss the sample preparation
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of calcium sulfate aluminate sodalite, |[Cag(SO,),|[Al;,0,,]-SOD. The initial components
are calcite (CaCOs;), aluminum oxide (Al,O5), and gypsum (CaSO, - 2 H,0), which usually
are ground for 1 h in an agate mortar with ethanol to become powder. Next, the resulting
powder is pelletized (on the order of 20 mm in diameters) and is heated (= 1300°C) for 4 h.

Finally, it has to be slowly cooled.?%-**?

A.2 X-Ray Diffraction

In this characterization technique, the sample is placed at the center of the instrument
and is irradiated by beams of X-rays. The setup consists of an X-ray tube and a detector
tube, both moving in a synchronized fashion. The beam scattered off the sample is recorded
in a graph by peaks which are related to the atomic structure of the sample. When a sample
is shined by X-rays, a special interference effect occurs that can be used to measure the
distance between the atoms.(’ The equation that holds the relation between the scattered

wavelengths and the distance between the crystal planes in a structure can be written as

nd = 2dsin6, (A.1)

where d is the space between the planes, A is the wavelength of the incident light, and
0 is the angle between the beam source and the sample. Equation A.1 is also known as
Bragg’s Law. Figure A.1 illustrates the whole concept of XRD and its theory. In zeolite
science, XRD helps to identify whether the sample contains any crystalline phases or not, it
also provides information on lattice constant, atomic positions, symmetry, and other useful
information. For a comprehensive description of XRD technique in zeolites, please check

the book Zeolite Characterization and Catalysis-A Tutorial by Chester and Derouane.?*?

MInterference occurs when scattered X-rays interact with each other in two ways. If the scattered waves
are in alignment, the scattered signal is amplified, which is called constructive interference. If the scattered
waves are not in alignment, the signal is destroyed, which is called destructive interference.
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Figure A.1. Schematic of Bragg’s law, reprinted with permission from Ref. 294.

A.3 Solid-State Nuclear Magnetic Resonance

Although XRD can provide insights about the periodic structure of a crystalline lat-
tice, nuclear magnetic resonance (NMR) spectroscopy can be used as an analytical tool
with a high sensitivity for chemical bonds in the local structure of the resonating nuclei—
framework atoms, extra-framework species, adsorbate complexes, and surface sites—in
zeolites. The phenomenon of NMR, which was discovered by Bloch and Purcell,?>-2%
relies on the fact some of the atoms in zeolites possess isotopes with nuclear spin, making
these nuclei “NMR-active”” 'H, "B, 70, ?’Al, ?°Si, *'P, °'V, 7Zn, and "'Ga are some
of the common isotopes in zeolite science used for NMR spectroscopy.?® To characterize
surface OH groups as well as extra-framework cations, "H, "Li, *Na, and **Cs NMR are
used. In addition, *’Si and ?’ Al are used for Si/Al ratio estimation and extra-framework alu-
minum characterization, respectively. More information on NMR in zeolites can be found

in Ref. 297.

A.4 Infrared and Raman Spectroscopy
Infrared: The theory behind infrared (IR) spectroscopy is that a vibration belonging

to a molecule or solid should undergo an excitation upon interacting with infrared light.
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In order for the excitation to be detectable, the vibration itself should change the dipole
moment. In other words, if the dipole moment of a specific vibration (called a vibrational
mode) changes during the vibration, that vibrational mode will be visible in the IR spec-
trum and is called IR-active. A hetero nuclear diatomic molecule such as CO has only
one vibrational mode and is IR-active, whereas, for the homo diatomic molecule N,, the
vibrational mode is IR inactive.

There are three main vibrational modes associated with a three-body entity: asymmetric
stretching, symmetric stretching, and bending modes. ® There are 3N — 5 and 3N — 6
vibrational modes for a linear and nonlinear triatomic molecule, respectively, N being the
total numbers of atoms.

Each vibration has a frequency (v) associated with it and is usually described using a
harmonic oscillator:

1 |k

- |5 A2
27\ i (A.2)

14
where k is the force constant and u is the reduced mass, defined by u = % between two
atoms with masses m; and m,.

Raman: Raman spectroscopy is another characterization technique in which the theory
lies in the vibrational energy level of a system. However, the principle in Raman spec-
troscopy is that the polarizability of a molecule should change upon interacting with light.
Most of the modes that are IR-inactive can be observed in the Raman spectra. Although
it is a useful technique in terms of providing insights into the structure of a sample, ac-

quiring Raman spectra for zeolites is xa hard task, primarily due to the strong fluorescence

background.

@Wagging, scissoring, twisting, and rocking are other types of bending modes.
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A5 EDX

Energy dispersive X-ray (EDX) analysis, also known as EDS,® is an X-ray technique
to identify elemental composition of materials. EDX systems are part of electron mi-
croscopy instruments® in which beams of electrons excite the atoms belonging to the sur-
face of the specimen. The excited atoms then emit specific wavelengths of X-rays that
are characteristic of the atomic structure of the elements. The spectra generated by EDX

consists of certain peaks associated with certain elements with their composition.

A.6 Thermal Gravimetric Analysis (TGA)

Zeolites must be activated (heated) before their use. The activation process takes place
by heating zeolites under vacuum.® Thermal gravimetric analysis (TGA) is a useful tech-
nique to find the required temperature to desorb species from zeolites. In other words,
TGA allows to measure the mass of a sample as a function of temperature or time.”” Some
zeolites exhibit continuous mass loss with increasing temperature, such as analcime and na-
trolite. However, laumonite and heulandite show distinct steps in this process.?*® A typical
setup starts with placing a zeolite sample into a ceramic crucible on a sensitive microbal-
ance. The crucible is controlled by a computer oven in which a flowing gas stream controls
the background atmosphere. To overcome the problem of oxidation, nitrogen is usually

used.

DEDS refers to energy dispersive spectroscopy, EDX refers to energy dispersive X-ray analysis.

®The amount of sample needed for the experiment is as small as few cubic micrometers.

Scanning electron microscope (SEM), transmission electron microscope (TEM), scanning and trans-
mission electron microscopy (STEM), etc.

©The activation process is similar to that of regenerating zeolites.

(DTGA is not necessarily associated with heating of materials. Sometimes the sample is also cooled down.
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APPENDIX B

SUPPORTING INFORMATION OF CHAPTER 4

B.1 Experimental Design and Characterization
B.1.1 Synthesis
B.1.1.1 Materials and Equipment

All reagents listed in the experimental procedures were used as-received, without fur-
ther purification. All deionized water was sourced from an Elga Purelab Ultra® water
deionizer at 13—15 MQ. All Teflon® equipment was cleaned prior to use by first soaking
in an HF bath for at least 24 h before being washed with deionized water followed by ace-
tone. A Fisher Scientific [sotemp magnetic stirring hot plate was used for all stirring and
or heating steps that specify use of a hot plate. A Thermo Scientific Heratherm OGH180

Advanced Protocol Oven was used for all steps that specify the use of an oven.

B.1.1.2 Sodium Bromosodalite

We hydrothermally synthesized sodium bromosodalite according to the procedures pre-
sented by Stein et al.'®* First, 10.060 g of Fisher Chemical certified ACS NaOH pellets
(> 97%) and 3.912 g of Sigma-Aldrich reagent grade AI(OH), powder (50.0-57.5% Al,O;)
were combined with 50 mL deionized water in a 500 mL polyethylene bottle. The mixture
was heated to 95°C and stirred at 350 RPM on a hot plate until dissolved. In a separate
500 mL polyethylene bottle, 15.042 g of Fisher Chemical certified ACS NaOH pellets
(> 97%), 38.583 g of Sigma-Aldrich ReagentPlus® NaBr powder (>99%), and 75 mL of
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deionized water were combined and stirred at 350 RPM on a hot plate until dissolved. Next,
7.516 g of Ludox® HS-40 colloidal silica (40 wt.% silica suspension in H,0) was added
to the bromide mixture before heating the mixture to 95°C while stirring at 350 RPM on
a hot plate. The two solutions were combined, sealed, and shaken vigorously by hand for
5 min before being transferred to Teflon®-lined Parr Autoclaves. The autoclaves were then
paced in the oven at 90°C for 24 h to promote the formation of sodalite crystals. The auto-
claves were removed from the oven and cooled to ambient temperature before recovering
the sodalite crystals by vacuum filtration using Whatman® 125 mm Grade 1 qualitative
filter paper (11 wm particle retention). After recovery, the sodalite crystals were left in the
Biichner funnel and washed with 750 mL deionized water to remove excess NaOH and
NaBr. Washing was done 150 mL at a time and repeated until the filtrate pH fell below 8
using MilliporeSigma colorpHast® pH-indicator strips. The washed sample was left to dry
on the filter paper under ambient conditions for 24 h before being transferred to a Teflon®
petri dish and dried in an oven at 110°C for 24 h to remove excess moisture. The finished
product weight was 5.725 g, achieving 67.35% of the maximum theoretical yield. Each
sodium bromosodalite sample was ground with a mortar and pestle and analyzed before

being used to produce the subsequent ion-exchanged samples.

B.1.1.3 Potassium chlorosodalite

Synthesis of potassium chlorosodalite by a similar procedure to the sodium bromoso-
dalite synthesis described above was also attempted. Nearly the same procedure was
followed, but with the sodium-containing reagents replaced with potassium-containing
reagents to determine if sodium is pertinent to the formation of the sodalite phase by hy-
drothermal methods. Therefore, we used KOH, Al(OH),, KCI, colloidal silica (40% SiO,),
and deionized water as reagents. First, 14.058 g of Fisher Chemical certified ACS KOH pel-
lets (>85.0%) and 3.925 g of Sigma-Aldrich reagent grade AI(OH); powder (50.0-57.5%

Al,0O;) were combined with 50 mL deionized water in a clean 500 mL polyethylene bottle.
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The mixture was heated to 95°C and stirred at 350 RPM on a hot plate until dissolved. In
a separate clean 500 mL polyethylene bottle, 21.036 g of Fisher Chemical certified ACS
KOH pellets (> 85.0%), 27.948 g of J.T. Baker ‘Baker Analyzed” ® Reagent KCI crys-
tal (99.8%), and 75 mL of deionized water were combined and stirred at 350 RPM on a
hot plate until dissolved. Next, 7.473 g of Ludox® HS-40 colloidal silica (40 wt.% silica
suspension in H,O) was added to the chloride mixture before heating the mixture to 95°C
while stirring at 350 RPM on a hot plate. The two solutions were then sealed and shaken
vigorously by hand for 5 min before being transferred to Teflon® lined Parr Autoclaves.
The autoclaves were placed in an oven at 95°C for 47 h in order to promote the formation
of sodalite crystals. The autoclaves were then removed from the oven and cooled to ambi-
ent temperature before washing the sodalite crystals with deionized water to remove excess
KOH and KCI. The washing procedure was done using a centrifuge in an effort to reduce
the time required to wash the crystals. This was done by first mixing the contents of the
autoclaves with 300 mL of deionized water in a 500 mL polyethylene bottle and stirring
at 700 RPM for 10 minutes. This mixture was transferred to 50 mL centrifuge tubes and
centrifuged in a Jouan BR4i centrifuge at 6000 RPM for 10 minutes. The liquid from each
centrifuge tube was decanted off, and fresh 300 mL of deionized water was added. The
tubes were shaken vigorously by hand before being centrifuged again at 6000 RPM for 10
minutes. This process was repeated until the pH of the liquid fell below 8 using Millipore-
Sigma colorpHast® pH-indicator strips, which happened after seven cycles. The washed
sample was then recovered by vacuum filtration using Whatman® 125 mm Grade 1 qual-
itative filter paper (11 um particle retention). The sample was then left to dry on the filter
paper under ambient conditions for 24 h before being transferred to a Teflon® petri dish and
dried in an oven at 100°C for 24 h to remove excess moisture. The finished product weight
was 6.490 g, achieving 73.57 percent of the maximum theoretical yield. The X-ray pattern
(Figure 4.2(f)) indicates that the resulting material was not sodalite, so samples from this

synthesis were not used for ion exchange.
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B.1.2 Ion Exchange
B.1.2.1 Sodium Bromosodalite

The sodium bromosodalite samples were subjected to various ion exchange procedures
to exchange their extra-framework Na* ions with Pb**, K*, Ag®, or Li*. The exchange
procedure for lead bromosodalite was done in accordance with the procedure described
by Eiden-Assmann.!”® For lead exchange, a 0.1 M Pb(NOj), solution was first prepared
by weighing 3.317 g of Sigma-Aldrich L6285 lead(Il) nitrate powder (> 98.0%) into a
100 mL volumetric flask and filling to the 100 mL mark with deionized water. Next, 0.468 g
of the synthesized sodium bromosodalite sample was placed in a 23 mL Teflon®-lined
Parr Autoclave and 18 mL of the 0.1 M Pb(NO,), solution were added. This process was
repeated for a total of four autoclaves. Note that the solution was made so as to contain the
exact stoichiometric amount of lead required for full exchange with the extra-framework
Na* ions, in an attempt to prevent damage to the sodalite framework that may be caused
by excess lead.!”® The sealed autoclaves were placed in an oven at 110°C for 24 h before
being removed and cooled to ambient temperature. The sodalite crystals were recovered by
vacuum filtration using Whatman® 125 mm Grade 1 qualitative filter paper (11 wm particle
retention). After recovery, the sodalite crystals were left in the vacuum filtration setup and
washed with 500 mL deionized water to remove sodium ions and excess Pb(NO;),. The
washed sample was left to dry on the filter paper in ambient conditions for 24 h before
being transferred to a Teflon® petri dish and dried in an oven at 60°C for 24 h. The final
weight of the lead-exchanged sodalite sample was 2.052 g, representing a 9.8 % increase in

weight.

B.1.2.2 Potassium Bromosodalite
The exchange procedure for potassium bromosodalite was done in accordance with the
procedure described by Aprea et al.'®* For potassium exchange, a 1 M KNO; solution was

first prepared by weighing 10.117 g of Sigma-Aldrich puriss. KNO, powder (>99.0%) into
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a 100 mL volumetric flask and filling to the 100 mL mark with deionized water. Next,
2.006 g of the synthesized sodium bromosodalite sample were placed in a sealable 500 mL
polyethylene bottle along with 100 mL of the IM KNOj; solution. Note that the exchange
solution was prepared to contain excess potassium, as this was expected to produce a desir-
able extent of exchange without adverse effects on the sodalite structure.'®® The container
was sealed and stirred continuously at 700 RPM and ambient temperature for 24 h on a
Fisher Scientific Isotemp magnetic stirring hot plate. The sodalite was then recovered by
vacuum filtration using Whatman® 125 mm Grade 1 qualitative filter paper (11 wm particle
retention). The sample was placed in a clean sealable 500 mL polyethylene bottle along
with 100 mL of freshly-made 1M KNO; solution in an attempt to drive equilibrium towards
higher potassium ion concentrations within the sodalite framework. The process was re-
peated for a total of three 24 h agitated ion exchange cycles at room temperature. After
the third filtration, the sample was washed with 350 mL deionized water to remove sodium
and excess KNO;. The washed sample was left to dry on the filter paper under ambient
conditions for 24 h before being transferred to a Teflon® petri dish and dried in an oven at
80°C for 24 h. The finished product weight was 1.679 g, representing a 16.3% decrease in

weight.

B.1.2.3 Silver Bromosodalite

The exchange of silver bromosodalite followed the procedure described by Borhade
et al.* For silver exchange, sodium bromosodalite was combined with 1 M AgNO, so-
lution in an autoclave at elevated temperature. Note that the mixture was prepared so as
to contain the exact stoichiometric amount of silver required for full exchange with the
extra-framework sodium ions. This was done in an attempt to prevent the precipitation of
silver. All steps of the silver exchange were performed in the dark to avoid the reduction
of silver ion to silver metal. First, 2.635 g of Sigma-Aldrich 99.9999% trace metal basis

AgNO; and 2.000 g of the synthesized sodium bromosodalite were combined with 15.5 mL
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of deionized water in a 23 mL Teflon®-lined Parr Autoclave. The autoclave was sealed and
shaken vigorously by hand before being placed in the oven at 100°C for 48 h. The auto-
claves were removed from the oven and cooled to ambient temperature before recovering
the sodalite crystals by vacuum filtration using Whatman® 125 mm Grade 1 qualitative
filter paper (11 wm particle retention). Note at this point that the sample was completely
black, indicating reaction of some of the silver ions to form silver oxide. After recovery, the
sample was left in the vacuum filtration setup (Buchner funnel) and washed with 450 mL
deionized water to remove excess Na and AgNO;. The washed sample was left to dry on
the filter paper in ambient conditions for 24 h before being ground with a mortar and pestle
and transferred to a Teflon® petri dish to dry in the oven at 100°C for 24 h. The finished

product was stored in an opaque black sample vial.

B.1.2.4 Lithium Bromosodalite

The exchange procedure for lithium bromosodalite was done in accordance with the
procedure described by Aprea et al.'®® For lithium exchange, a 1 M LiNOj; solution was
first prepared by weighing 6.898 g of J. T. Baker ‘Baker Analyzed’® Reagent LiNOj, crys-
tal (98.2%) into a 100 mL volumetric flask and filling to the 100 mL mark with deionized
water. Next, 2.001 g of the synthesized sodium bromosodalite sample was placed in a seal-
able 500 mL polyethylene bottle along with 100 mL of the 1M LiNOj; solution. Note the
exchange solution was prepared to contain excess lithium, as this was expected to produce
a desirable extent of exchange without adverse effects on the sodalite structure. The con-
tainer was sealed and stirred continuously at 700 RPM and ambient temperature for 24 h on
a Fisher Scientific [sotemp magnetic stirring hot plate. The sodalite was then recovered by
centrifuging in a Jouan BR4i centrifuge at 6000 RPM for 10 min and decanting off the ion
exchange solution. The sample was placed in a clean sealable 500 mL polyethylene bottle
along with 100 mL of freshly made 1 M LiNOj; solution. The process was repeated for a

total of three 24 h agitated ion exchange cycles at room temperature. After the third ex-
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change, the sample was recovered by vacuum filtration using Whatman® 125 mm Grade 1
qualitative filter paper (11 wm particle retention) The sample was left in the vacuum filtra-
tion setup and washed with 200 mL deionized water to remove sodium and excess LINO;.
The washed sample was left on the filter paper and dried in the oven at 80°C for 1.5 h
before being ground in a mortar and pestle and again washed in the vacuum filtration setup
with an additional 250 mL of deionized water. The washed sample was then left to dry on
the filter paper in ambient conditions for 24 h before being transferred to a Teflon® petri

dish and dried in an oven at 60°C for 24 h to remove excess moisture.

B.1.3 Characterization

X-ray diffraction (XRD) patterns were collected under ambient conditions, with each sam-
ple on a zero-background glass slide. Data were collected using a diffractometer (Rigaku
UltimalV, 40 kV, 44 mA) with a Cu-K, source (average wavelength 0.154 nm) over the
range of 10° < 26 < 50° with a step size of 0.05° and scan rate of 2°/min. The XRD data
are shown in Figure 4.2.

Compositional analysis of the parent material, [NagBr,|-SOD, cation-exchanged sam-
ples (Li, K, Ag, Pb), and |[K;CL,|-SOD material were conducted using an energy-dispersive
X-ray (EDX) spectrometer (Bruker Quantax 200 Silicon Drift Detector with Xflash6) op-
erated at 20 kV and 1.6 nA. The results are shown in Table 4.2.

Fourier transform infrared (FTIR) spectra of all samples were recorded using a Nicolet
4700 FT-IR spectrometer with a scan range of 4004000 cm™! by pelleting the powdered
sodalite sample with KBr (5 mg sodalite mixed with 70 mg KBr) into 10 mm pellets using

a hand-held Thermo Fisher pellet press. The results are shown in Figure 4.3.
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